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ABSTRACT
The use ofa surface active flux during GTA welding has been shown to greatly
increase penetration, thereby making the lower fume generating welding process more
feasible for welding thicker materials. This lower fume generation is important in
welding ofstainless steels because ofthe generation offumes containing the carcinogen
hexavalent chromium. This research considers the effect ofa particular surface active
flux on the microstructure and properties ofa superaustenitic stainless steel. The flux
was composed of several oxides and applied to the metal prior to GTA welding.
Conventional welds (made without flux) were also performed for comparison. The
substantial effect ofthe flux on the shape and weld dimensions was confrrmed. This
difference in shape resulted in differences in growth direction ofthe substructure.
Copper sulfide particles were found to be heavily dispersed throughout the weld metal of
the welds made with flux. It was discovered that the flux powder contained a significant
amount ofsulfur, as well as oxides. This relatively high sulfur content was determined to
be the reason for the copper sulfide particles. Hot cracking susceptibility was found to
increase slightly due to the flux, especially at lower strains. Welds made with flux had to
be polished to observe all the cracks on the surface due to the surface topography in the
as-welded condition. Unexpectedly, pitting corrosion resistance was seen to increase
slightly due to the flux. The surface topography ofthe welds made with flux, however,
resulted in an increase in the number ofpits on the as-welded surface at the pitting
initiation temperature due to the large number of initiation sites. The effect ofthe flux on
the hot cracking susceptibility and pitting corrosion resistance could not be explained by
microstructural differences between the welds.
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1 INTRODUCTION
The choice of welding process to be used for any particular application depends
on several factors, such as material thickness, quality ofj oint desired, and most recently,
the amount ofwelding fumes generated. In the past, gas tungsten arc welding (GTAW)
has been saved for welding operations requiring considerable precision or a high level of
weld quality. Due to the shallow penetration of the process, GTAW was not cost-
efficient to weld thick materials. Welding processes such as gas metal arc welding
(GMAW) and flux cored arc welding (FCAW) are were instead used to weld thicker
materials because of their high deposition rates. Recently, however, the non-consumable
GTAW process has been shown to produce significantly lower fume generation rates than
the consumable processes[l]. This lower fume rate is especially important in the welding
of stainless steel due to the generation of fumes containing the carcinogen hexavalent
chromium. In order for GTAW to be a feasible process for welding of thick materials,
however, the current shallow penetration, and subsequent low productivity, must be
improved. Surface active fluxes have shown recent success in increasing the penetration
of the GTAW process, allowing thicker materials to be welded in fewer passes and in less
time.
There are several theories that attempt to explain the process by which surface
active fluxes increase penetration. The most accepted theory is that of Marangoni flow,
or surface tension driven flow. This theory postulates that the surface active elements in
the flux alter the surface tension, reversing the flow of the liquid in the weld pool.
Liquid, therefore, flows from the edges of the weld pool inward along the pool surface
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rather than the typical outward flow. This inward flow, and subsequent transfer of heat
inwards and downward towards the pool bottom, results in deeper, narrower welds.
Regardless of the mechanism, it has been shown that surface fluxes increase the
penetration of GTA welds. To this point, however, a detailed evaluation on the effect of
these fluxes on the properties of the weld metal has not been conducted. In addition, the
effect of the flux, or the elements in the flux, on the microstructure of the weld metal has
not been investigated.
The objectives of this research are to determine the effects of a particular surface
active flux on the microstructure and properties of welds made on a superaustenitic
stainless steel. Both the microstructure and properties of the welds made with fluxes will
be compared to welds made under the same parameters, but without the flux. The
properties to be studied are hot cracking susceptibility, pitting corrosion resistance, and
fatigue behavior. The microstructure evaluation will include analysis of the morphology~
of the weld metal, including the presence of inclusions, as well as compositional analysis.
Autogenous welds will be performed on the fully austenitic stainless steel AL-6XN. The
flux used in this research is composed of several oxides that dissociate due to the high
temperature during welding.
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2 LITERATURE REVIEW
The theory of Marangoni flow has been widely accepted as the cause of increased
penetration in welds made with surface-active fluxes. Microstructural development and
hot cracking in stainless steels is well understood for welds made without surface-active
fluxes. The effect of surface-active fluxes on microstructure and hot cracking will be
evaluated in this research.
The objectives of this literature review are to 1) understand how the surface-active
flux works in order to provide insight on where the elements in the flux may end up after
solidification of the weld metal, 2) understand how the microstructure is developed in
austenitic stainless steels and how hot cracking results, and 3) understand what effects
elements contained in the flux typically present to stainless steel welds in regards to
microstructure and hot cracking.
The literature review begins with some general information about the surface-
active flux. It is followed by a discussion on how the surface-active elements in the flux
influence Marangoni flow and increase penetration in GTA welds. A brief summary of
the fundamentals of stainless steel solidification and the transformations that accompany
it is then given. The mechanism ofhot cracking and factors that affect the susceptibility
are also discussed. The effect of the specific elements contained in the flux on the
microstructure and hot cracking is dealt with briefly after the respective section.
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2.1 SURFACE-ACTIVE FLUX
2.1.1 Composition and Application
Surface-active fluxes are a mixture of inorganic powders suspended in a volatile
liquid media. The flux used in this research consists of oxide powders of titanium,
silicon, and chromium suspended in acetone. Composition range trials have determined
that the compositional ranges for each component of the flux are reasonably wide [2].
The specific ranges given for the Edison Welding Institute (EWI) flux used in this
research are 20-60 wt. % TiO/TiOz, 0-50 wt. % CrZ03, and 0-20 wt. % SiOz[3]. The flux
is painted onto the surface of the metal immediately prior to welding. The volatile liquid
evaporates, leaving a thin layer ofpowder sufficiently adhered to the surface. A polymer
binder can also be added for increased adherence of the flux to the metal. The flux can
be applied with a paintbrush (see Figure 1), foam applicator, pen-like device, or a spray
dispenser. Underneath the electrode, a small area of flux is removed prior to welding to
ease in the arc starting process [2]. The welding set-up can be seen in Figure 2.
The thickness of the applied layer of surface flux is not of considerable
importance. Some papers, however, give a maximum thickness, such as 0.005 inch [4].
In one trial at EWI, it was found that flux thicknesses greater than 0.001 inch required an
increase in welding current, however, between 0.004 and 0.012 inches, no further
increase was needed. Other trials at EWI, however, did not indicate that the welding
current was sensitive to flux thickness. Other researchers have also reported that the
thickness of the applied layer did not affect results [5]. It is also believed that the
maximum thickness is much greater than 0.012 inches [2]. In practice, the flux is painted
on thick enough to prevent visual observation of the base metal and thin enough to
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restrict formation of"globs" of flux [2]. The flux is painted on as evenly as possible;
however, the weak dependence of the weld pool behavior on thickness does not require
that the layer be precisely even.
The flux should be painted on the entire region to be welded. The effect of
discontinuities or "skips" in flux application, however, has been evaluated. By placing
tape across the transverse of the weld and removing the tape after application of the flux,
it was found that full penetration was not lost until the size of the skip reached 3/16 in.,
however, root reinforcement changed at skips of 3/32 inch [2].
Welds have also been made where the flux was applied on the region to be
welded, but a gap was left on either side of the welding line (the position of the electrode
during welding). When the region without flux was 3 mm wide, symmetrical on the
welding line, the effect of the surface flux was unaltered [5]. This can be seen in Table I
along with a "correct" flux application for comparison. Other welds were made with the
welding line off center compared to the flux so that the weld pool encompassed regions
of the base metal with flux and without flux. If the welding line was located within 1mm
of the boundary of the flux-covered area, the effect of the surface flux was unchanged.
If, however, the welding line was located 1 mm outside the boundary, the surface flux
lost its effect almost entirely [5]. These two situations can also be seen in Table 1.
2.1.2 Effect of Flux on Penetration
The use of a surface-active flux greatly increases penetration in GTA welds,
reducing welding time and increasing productivity. The flux also allows simpler joint
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design and reduces variations inherent in stainless steel welds made with conventional
OTAW (without flux).
EWI has reported penetration increases of up to 300% compared to the
"conventional OTAW process [4]. Lucas and Howse [6] report numerous other statistics
demonstrating the advantage ofusing a flux over conventional OTAW. They report that
while conventional OTAW could only penetrate 3 mm in a single pass, OTA welds made
with a flux can weld up to 12 mm in a single pass and without filler metal. Conventional
OTA welds made on materials thicker than 3 mm also required a joint preparation to
facilitate the multi-pass welding. With the flux, materials up to 12 mm can be welded
using a square edge butt joint. This reduction in time and money due to reduced
machining is an additional benefit of the deeper penetration. The welding time is also
reduced simply by the decrease in the number of passes that need to be made on a thick
material. At material thicknesses greater than 10 mm, the welding time can be almost
halved. The increased penetration seen with the use of the flux makes flux assisted
OTAW a feasible alternative to high deposition processes such as OMAW and FCAW.
Figure 3 shows the effect of oxygen on the geometry of OTA welds made on Type
304 stainless steel. Figure 4 shows the effect ofa surface flux on the penetration of welds
made on two different heats ofType 304 stainless steel. This surface flux contains sulfur
as a surface-active element. The effect of a surface-active flux containing oxygen has not
yet been documented.
Austenitic stainless steels are knOWJl to exhibit variable weld joint penetration
during OTAW. It has been determined that the variability is caused by small differences
in chemical compositions between heats ofmaterial [4]. These chemical differences are
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in the amount of soluble surface-active elements inherently present in the material at the
time of welding. This effect can be seen in the welds made without flux in Figure 4. The
weld metal in the two heats contains different amounts of sulfur before the application of
the flux. The weld pool geometry, therefore, differs between the two different heats
because of different amounts of surface-active sulfur. By using a surface flux to
intentionally add surface-active elements to increase penetration, the effect of small
chemical compositional difference on penetration are negligible. Welds made with a
surface flux have been found to exhibit complete penetration in different heats of
materials that without surface flux had considerable variability in penetration [4]. This
effect can also be seen in Figure 4- welds made with the flux appear similar in both heats
of material. Therefore, GTA welds made with a flux do not appear to be susceptible to
material variations [6] and hence eliminate the variations found in the past in GTA
welded austenitic stainless steels.
2.1.3 How Flux Increases Penetration
2.1.3.1 Effect of Surface Active Elements (SAEs) on Weld Pool Flow
Surface-active fluxes increase penetration because they contain surface-active
elements. Surface-active elements are those elements that segregate preferentially to the
surface of the weld pool, altering the surface tension gradient. This in tum affects the
Marangoni flow, as will be discussed below. Surface-active elements in austenitic
stainless steel include sulfur, oxygen, selenium, and tellurium. Bismuth has also been
shown to have an effect. Sulfur and oxygen are the most obvious choices for a surface
flux composition; however, sulfur is known to be detrimental to some properties of
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stainless steel, including hot cracking susceptibility. Therefore, oxygen-containing
surface fluxes have been most developed in recent years. The flux used in this research
is made up of several oxides; therefore, the surface-active oxygen is tied up in
compounds that are not surface active. For this flux to work, the oxides must dissociate
to create free oxygen. Since the flux has been proven to increase penetration, some of the
oxides must dissociate.
Dissociation of oxides occurs when enough energy is put into the system to break
the bonds of the oxide compound. This energy can be in the form ofheat due to
increased temperature. A certain temperature must be reached for each of the oxides to
dissociate. A more stable oxide requires more heat to dissociate the oxide. An
Ellingham diagram can be used to determine the relative stabilities of different oxides.
The flux used in this research contains oxides of titanium, silicon, and chromium, in
order of decreasing weight fraction. Titanium oxide is the most stable of the three
oxides, followed by silica and then chromium oxide [7]. Experimental values for silica
have been documented as approximately 1750 K melting temperature and a heat of
dissociation of 14,200 J/mol [7]. Values for the other two oxides are not documented;
however, the relative stabilities of the three oxides provides their relative values
compared to silica.
Heat is placed into the system using the welding arc in order to melt the austenitic
stainless steel base metal to form the weld. A certain temperature and amount of heat is
required to melt the stainless steel. The melting point of a general austenitic stainless
steel has been reported to be 1773 K, however, no heat affusion was given [8]. The
hypothetical heat of fusion for gamma (austenitic) iron, however, has been documented
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as 15,000 llmo1, with a melting temperature of 1790 K [7]. This heat of fusion for iron
serves as a good estimation for that of the austenitic stainless steel.
Therefore, at the heat required to melt the stainless steel, the silica is dissociated.
Since chromium oxide is less stable than that of silica, it too must be dissociated at this
temperature. Therefore, anywhere in the liquid weld pool, both silicon and chromium
oxides are contributingJree oxygen as a surface-active element. Titanium oxide may also
be dissociating since the temperature in the weld pool gets higher than the melting
temperature of stainless steel.
In summary, the dissociation of the oxides occurs because of the high temperature
created by the welding arc. In a weld, temperature gradients are formed because regions
of the weld nearer to the arc are at higher temperatures than regions further from the arc.
These temperature gradients do not effect the dissociation of silica and chromium oxide
because the entire weld pool is above the melting temperature of austenitic stainless steel
and therefore above the dissociation heat required for these two oxides. The dissociation
of titanium oxide, however, may only occur in regions closer to the are, if at all. A
critical temperature isotherm for dissociation can be considered along the surface of the
weld pool [9]. This isotherm has been shown to create a complex cross sectional shape
because only regions inside the critical isotherm contribute surface active elements and
have reversed Marangoni flow. Regions outside the isotherm exhibit typical, outward
Marangoni flow. This phenomenon, however, will probably not occur with the flux used
in this research because of the lack of temperature gradient dependence of the silica and
chromium oxide.
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The formation of slag has been noted to alter the flow properties, decreasing the
effect of the flux [9]. This effect; however, has not been observed with the flux used in
this research. In fact, it has been found that the fused flux layer can be left on during
subsequent welding passes in a multi-pass welding operation [2],[4]. No defects resulted
from this fused flux layer; the only effect was that the flux affected the penetration of the
subsequent weld as well. Therefore, the fused flux may need to be removed if a wide cap
pass is desired. The majority of this fused flux can be removed using a rotary wheel
brush; however, to entirely remove this layer, a Scothbrite® wheel or grinder must be
used [2].
As shown above, the surface-active elements can only affect Marangoni flow
when they are not in compounds with other elements, in other words, only when they are
11
soluble. Even after the surface-active elements are freed through the dissociation of
oxygen, these elements may form compounds with other elements in the stainless steel.
Elements such as aluminum and calcium have a high affinity for oxygen; therefore, the
concentration of these elements influences the amount of soluble surface-active oxygen
working to increase penetration. These elements, however, are low in austenitic stainless
steel and enough soluble oxygen should be present to ensure deep penetration.
Researchers have attempted to create equations to calculate the soluble surface-
active element content using the total amount of surface-active element in the weld metal
and the amou~t of elements with a high affinity for that surface-active element. For
example, Lancaster et. ai. [10] reported that the soluble oxygen content could be
calculated by Osoluble = Olotal - 0.89 AI. Others include calcium, silicon, and titanium in
the equation for soluble oxygen. The coefficients in these equations, however, have a
large uncertainty and the equation should only be used as an indication of the effect of
certain elements on the soluble surface-active element content.
The amount of soluble surface-active element must also be above the critical
concentration in order to cause the reversal of Marangoni convection. This critical value
for soluble sulfur has been reported by several researchers, with values ranging from 40
ppm to 70 ppm [9], [11], [10], [2]. The critical value for soluble oxygen was sited by
Hsieh to be 40 ppm. No other critical concentration values for soluble oxygen have been
reported. Figure 3 showed that 70 ppm of oxygen in the base metal resulted in a wide and
shallow weld, suggesting that reversed Marangoni flow did not occur. This was the total
amount of oxygen in the base metal, however, not the soluble oxygen content. It can be
assumed that there is some possible discrepancy range for oxygen similar to that for
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sulfur. The critical concentration represents the minimum concentration of surface-active
elements required to reverse flow, however, increasing the amount of surface-active
elements above this critical concentration results in a further increase in penetration.
2.1.3.2 Effect of Flux Elements on Arc Constriction
Another theory to explain the increased penetration ofwelds made with a flux is
that of arc constriction. Many researchers have observed a visible constriction of the arc
(see Figure 6) when a flux has been used [12], [6]. The arc constriction is produced when
vaporized molecules capture electrons in the outer regions of the arc. This electron
capture only occurs in the outer regions of the arc because the central region ofthe arc is
at a temperature that is higher than the dissociation temperature of the vaporized
molecules. A schematic of this phenomenon can be seen in Figure 7. Any easily
vaporized molecule with an electron affinity will result in arc constriction, with halogens
and metal oxides being the most common [12]. Metal oxides have a lower affinity than
the halogens, however, their higher dissociation temperatures promote their effectiveness
[6]. The degree of constriction due to the flux is determined by the effectiveness of the
flux vapor to combine with the electrons. Since the flux is made up of metal oxides, it is
obvious that these elements would be easily vaporized off the surface and result in arc
constriction. Although this arc constriction has been observed by some, other researchers
have seen no such physical constriction. One such researcher, Savitskii, proposed a
further mechanism for arc constriction [13]. He took into account the interaction between
the arc and the surface of the weld pool. Savitskii believed that the decrease in surface
tension due to the surface-active elements in the flux altered the surface curvature and
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caused the arc to constrict [12]. More recently, Japanese researchers found that a
constricted anode root was formed when the metal plasma distribution was localized at
the center of the weld pool surface. This localized distribution occurred because the
surface temperature gradient of the weld pool was steeper with use of the flux because of
the inward, or reversed, Marangoni convection [12]. It is apparent that the effect of
surface-active elements on Marangoni flow is important as an indirect link to arc
constriction as well as a direct cause of increased penetration in welds.
Arc constriction obviously results in narrower welds, but it also increases
penetration ofGTA welds because of the increase in the temperature of the anode [6].
Another effective way that arc constriction increases penetration is through the higher
current density of the anode. This higher current density results in a re-circulatory flow
driven by the electromagnetic force, or Lorentz force. This inward, re-circulatory flow
results in deeper welds because of the heat transfer inward and downward. The Lorentz
force acts in a complementary nature to the reversed Marangoni flow, as will be
discussed below.
Arc constriction due to the flux appears to increase penetration of GTA welds;
however, the effect is not large enough to explain the large increases in penetration due to
the flux [2]. In addition, increased penetration is found in welds made with surface-
active elements that do not cause an addition ofvaporized metal oxides, such as sulfur
[11]. Without this addition, no arc constriction would occur except as an effect of the
steeper temperature gradient resulting from reversed Marangoni convection. Therefore,
arc constriction alone cannot be the cause of the increased penetration of GTA welds
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made with a flux. Reversal of fluid flow within the weld pool because of reversed
Marangoni convection, therefore, must be the primary cause of increased penetration.
2.2 HOW SAEs ALTER FLUID FLOW IN THE WELD POOL
2.2.1 Effect of Surface-Active Elements on Marangoni Convection
Marangoni convection, or surface tension driven flow, was first studied in the 19th
century but was first discussed in relation to surface-active elements (SAEs) in 1982 by
Heiple and Roper. Marangoni convection occurs because a fluid will be drawn along a
surface tension gradient, from a region of lower surface tension to a region of higher
surface tension. A surface tension gradient can be created in the weld pool by a
temperature gradient along the surface because surface tension is temperature dependent.
Surface tension may often be composition dependent as well; therefore, a composition
gradient may also create a surface tension gradient. Temperature gradients clearly exist
on the surface of weld pools because regions of the pool closer to the arc are at higher
temperatures than regions further from the arc. In welds made without SAEs, no strong
surface composition gradient occurs. In welds made with SAEs, however, a composition
gradient does exist on the surface of the weld pool because of reduced surface
segregation of SAEs on the hotter portions of the weld pool surface [11]. Therefore,
regions of the weld pool closer to the arc (at higher temperatures) actually have less
SAEs floating on the surface than regions further from the arc. This composition
gradient is indirectly caused by the effect of temperature on composition and the
temperature gradient in the weld pool.
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These gradients have more recently been viewed in a mathematical sense by
Limmaneevichitr and Kou [14]. Let s be the distance along the pool surface from the
center (where the arc is), y the surface tension, C the concentration of SAEs on the
surface, and T temperature. The temperature gradient along the weld pool is then dT/ds.
The composition gradient along the weld pool is dC/ds and this is equal to (dC/dT) *
(dT/ds). The temperature dependence included in the composition gradient is more
evident using the mathematical notation.
The creation ofa surface tension gradient within the weld pool (dy/ds) can also be
demonstrated more clearly with the mathematical notation of Limmaneevichitr and Kou.
This gradient is formed as a combination of the surface tension dependence on
temperature (Oy/oT) and the occurrence ofa temperature gradient (dT/ds) and (often) the
composition dependence (Oy/oC) and composition gradient (dC/ds):
dy/ds = (Oy/OT) * (dT/ds) + (Oy/oC) * (dC/ds)
Welds made without SAEs have a surface tension gradient based solely on the
temperature dependence and temperature gradient of the weld pool (1 51 two terms on the
right hand side of equation). Conversely, welds made with SAEs have a surface tension
gradient based on both the temperature and composition (all terms on the right hand side
of equation).
Heiple and Roper performed experiments using SAEs contained within the base
material. The flux, however, performs the same way through its contribution of surface-
active oxygen to the weld pool. The oxygen floats to the surface of the weld pool after
dissociation of the oxides in the flux. As previously discussed, the entire weld pool, since
all liquid, is assumed to have had oxygen released to the surface. Therefore, experiments
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conducted with surface-active elements added to the weld pool can be considered
synonymous with welds made with a flux.
2.2.1.1 Conventional Weld (No SAEs in Weld Pool)
In a conventional weld (no flux or SAEs), only the temperature dependence and
temperature gradient are of importance. As the temperature of a liquid increases, its
surface tension decreases.
Therefore, the surface tension is lowest directly under the welding arc and highest at the
edges of the weld pool. Since liquid flows from regions of lower to higher surface
tension, the liquid in the weld pool flows outward towards the edges of the weld pool.
Heiple and Roper observed this outward flow in conventional welds using alumina
particles on the surface of the weld pool. Alumina particles were used because of their
stability at high temperatures, therefore, the particles do not dissociate even under the
high temperatures of the weld pool. The flow of the alumina particles demonstrated the
surface flow along the weld pool and inferred subsurface flow as well. It appeared that
the molten metal turned and descended into the pool when it reached the edges of the
weld and returned underneath the arc. This outward, non-reversed Marangoni flow,
shown in Figure 8, results in heat being transferred to the edges of the weld, creating a
shallow, wide weld.
Mathematically, the temperature dependence of the surface tension (Oy/aT) in a
conventional weld is negative because an increase in temperature results in a decrease in
surface tension. This negative temperature dependence is represented schematically by
line A in Figure 9. The temperature gradient in a weld pool (dT/ds) is always negative
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because the liquid is at a higher temperature closer to the arc. Therefore, the surface
tension gradient (dy/ds )in the weld pool is positive [dy/ds = (Oy/Of) * (dT/ds)]. This
means that the surface tension is higher farther from the weld center and fluid flow is
outward, which agrees with the theoretical discussion above.
2.2.1.2 Weld Pool with SAEs
In a weld made with SAEs or a flux, both the temperature and composition
dependence and gradients are important. SAEs decrease the surface tension of a liquid
because they float to the surface. As the temperature of the liquid in the weld pool
increases, the concentration of SAEs decreases because of reduced segregation to the
surface. Since SAEs decrease the surface tension, the loss of SAEs on the surface causes
an increase in the surface tension. Therefore, an increase in the temperature of the liquid
results in an increase in the surface tension. The highest surface tension occurs
immediately below the arc and the lowest surface tension is at the edges. Again, fluid
travels from lower to higher surface tension; therefore, the flow is inward along the
surface, from the edges to the center of the weld pool. Again, Heiple and Roper's
alumina particles supported this surface flow. The inferred subsurface flow was such that
the fluid turned down into the weld pool below the arc and returned at the edges of the
weld. This inward flow, or reversed Marangoni convection, transfers heat downward at
the center of the weld pool, resulting in a deep, narrow weld pool. This type of flow,
shown in Figure 10, results in the increased penetration seen in GTA welds made with a
flux.
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Mathematically, this phenomenon can be looked at two different, yet equivalent,
ways. The first way deals with the reversal of the temperature dependence of the surface
tension, or surface tension temperature coefficient, due to the SAEs. As shown
previously in Figure 9 (line A), the temperature dependence of the surface tension is
negative for welds without SAEs. For welds containing SAEs, however, the temperature
dependence is positive. This reversal is represented by lines B (sulfur) and C (oxygen) in
Figure 9. Looking at it simply, the positive temperature dependence (Oy/BT) multiplied
by the negative temperature gradient (dT/ds) results in a negative surface tension gradient
(dy/ds). This negative gradient suggests that surface tension decreases further from the
weld pool center, resulting in inward flow, which agrees with the above theoretical
discussion. More completely, the temperature dependence reversal due to the SAEs
should be looked at in conjunction with the conventional temperature dependence or the
general temperature dependence of a liquid with no SAEs. Mathematically, we know
that:
dy/ds = (OylaT) * (dT/ds) + (Oy/BC) * (dC/ds) and dC/ds = (dC/dT) * (dT/ds).
Therefore:
dy/ds = (Oy/aT) * (dT/ds) + (Oy/BC) * (dC/dT) * (dT/ds)
Since:
(Oy/BC) * (dC/dT) = (Oy/aT),
the equation now becomes:
dy/ds = [(Oy/BT) * (dT/ds)]no SAEs + [(Oy/aT) * (dT/ds)]sAEs,
where the first two terms on the right hand side are for liquid in general (no SAEs) and
the last two terms are for the SAE effect. The first two terms result in a positive
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contribution to the surface tension gradient and the last two terms result in a negative
contribution. Therefore, the magnitude of the SAE effect, which is controlled by the
amount of SAEs, determines the sign of the surface tension gradient and whether the
direction of flow is inward or outward. The critical SAE concentration required to
reverse Marangoni convection is that concentration that allows the SAE effect to
dominate the surface tension gradient.
The second way to look at the SAE effect is to assume that the temperature
dependence (ayIOf) and gradient (dT/ds) are the same as that for a conventional weld,
resulting in a positive contribution to the surface tension gradient (dy/ds). The
composition dependence and gradient are then considered separately to include the SAEs.
The composition dependence (ayI8C) is negative because an increase in the concentration
of SAEs results in a decrease in surface tension. The composition gradient (dCIds),
however, is positive because the concentration of SAEs increases further from the center
of the weld. Recall from above that the composition gradient (dC/ds) is equal to the
composition as a function of temperature (dC/dT) times the temperature gradient (dT/ds).
Since an increase in temperature reduces the concentration of SAEs and the temperature
gradient is always negative in a weld, dC/ds is indeed positive. Combining the negative
composition dependence with the positive composition gradient results in a negative
contribution to the surface tension gradient (dy/ds). This negative contribution from the
composition is opposite that of the positive contribution from the temperature. Therefore,
the flow of the weld pool depends on which contribution dominates. If enough SAEs are
present for the composition contribution to dominate, Marangoni convection is reversed
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and flow is inward. This is the same conclusion reached by the first mathematical
method.
As has been shown in the above discussion, the reversal ofMarangoni convection
is responsible for the increased penetration seen in GTA welds made with a flux
compared to conventional welds. Recall from earlier discussions that reversed
Marangoni convection also aids in the increase in penetration through arc constriction.
Overall, Marangoni convection is essential to the flux mechanism of increased
penetration.
2.2.2 Forces Influencing Fluid Flow
Heiple and Roper proposed in 1982 that fluid flow in the weld pool generally
determined weld pool shape and that the dominant force driving fluid flow was a surface
tension gradient, or Marangoni convection. The reversal of fluid flow within a weld pool
containing a significant amount of SAEs was visualized by Heiple and Roper using
alumina particles and high-speed photography. Following this, Heiple and Roper
proposed that this reversal of flow was due to the altering of surface tension gradients by
small concentrations of SAEs. This theory of reversed Marangoni convection has been
studied extensively worldwide since its postulation in 1982 and still stands as the most
accepted theory for increased penetration in SAE containing welds.
Other forces also influence fluid flow in the weld pool, but none can account for
the large increases in penetration in welds with SAEs. Only surface tension gradients
appear to be sensitive to such small amounts of these SAEs [11]. Nevertheless, these
other forces do influence the weld pool shape.
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The Lorentz, or electromagnetic, force arises from electric current flow in the arc
and tends to drive fluid downward under the arc. As mentioned previously, the Lorentz
force is increased with arc constriction, causing increased downward flow under the arc.
This flow increases penetration and has similar inward flow as reversed Marangoni flow.
The flow from the Lorentz force, therefore, assists Marangoni flow [12].
Gravity induced buoyancy convection moves fluid in the direction of regular
Marangoni flow, however, it does not change direction with the addition of SAEs.
Therefore, the reversed Marangoni direction obviously dominates in the weld pool [14].
Other forces, such as the plasma and gas motion over the pool surface and thermal
convection, also promote outward flow and clearly do not dominate [11].
2.3 EFFECT OF FLUX ELEMENTS ON STAINLESS STEEL (S.S.) WELDS
2.3.1 Elements in the Flux
An in-depth study on the effects of the surface-active flux on weld microstructure
and properties has not been conducted as of yet. In the absence of this information, the
potential effects of the surface flux can be hypothesized using the elements contained
within the flux and their reported effects on austenitic stainless steel welds. The elements
in the flux after dissociation are oxygen, titanium, chromium, and silicon. These
elements may be recollected in the slag and have no effect on the weld metal. This
possibility may be supported by preliminary research showing virtually no compositional
differences in the weld made with the flux compared to the conventional weld [2], [4],
[5]. This research, however, is only preliminary. It is reasonable to believe that the free
elements may also combine with other elements in the weld metal, especially if particular
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compounds are more stable than the initial oxides. The research that follows this
literature review intends to detennine the effects ofone particular surface-active flux on
the microstructure and hot cracking susceptibility of austenitic stainless steel welds. This
literature review, therefore, includes the currently reported effects of oxygen, titanium,
chromium, and silicon on these properties of austenitic stainless steel welds.
2.3.2 Microstructure of the Weld
Stainless steels are comprised of several families based on microstructure and
properties. Austenitic stainless steel will be discussed here because the research
following the literature review focuses on this family of stainless steels. Austenitic
stainless steels exhibit a face centered cubic (fcc) structure over a wide range of
temperatures. This structure results from a balance of alloying additions that stabilizes
the austenite phase. This completely austenitic microstructure, however, is altered during
the solidification of the fusion zone after welding. Austenitic stainless steels may also
transfonn during solidification, further influencing the microstructure. Depending on
composition, weld metal at room temperature may contain some retained delta ferrite -
bcc ferrite created at high temperatures. The fundamentals of solidification and
transfonnation of austenitic stainless steels are discussed below. Microstructure includes
all aspects of the weld metal structure, however, this discussion focuses on the primary
solidification mode, ferrite content, and morphology of the weld metal, including the
presence of inclusions. The microstructure of the weld metal is very important as it
influences the weld properties and weld perfonnance. In particular, the microstructure
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has a large effect on the hot cracking susceptibility ofthe metal, as will be discussed in
the next section.
Two particular types of austenitic stainless steels are targeted in this discussion-
superaustenitic stainless steels and the 300-series. The less common superaustenitic
stainless steels, such as AL-6XN, are those stainless steels that are compositionally
balanced to ensure a fully austenitic microstructure after welding. The 300-series, in
particular 316L, have welds that often contain retained ferrite at room temperature. The
microstructure, however, varies with alloying additions. These two materials, and their
differences in performance due to ferrite content, will be studied in the research that
follows.
2.3.2.1 Fundamentals of Solidification and Transformation of S.S. Welds
The solidification and transformation of austenitic stainless steel welds control the
resulting microstructure of the weld metal. These processes in turn are controlled by the
chemical composition of the metal. The three major elements in austenitic stainless steels
are iron (Fe), nickel (Ni), and chromium (Cr). Cr has a bcc crystal structure and
subsequently stabilizes the bcc delta ferrite phase; Ni is fcc and stabilizes the austenite
phase. Other elements also appear in austenitic stainless steels, both intentional alloying
elements and residual elements. Some elements have more of an effect than others, as
will be discussed later in this section. The discussion of the fundamentals of
solidification will focus on the Fe-Ni-Cr ternary phase diagram. The liquidus projection
of this ternary can be seen in Figure 11. A peritectic trough at Fe-4Ni extends into the
diagram to about 75% iron; at this point, the liquidus crosses the nickel-rich solidus,
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changing from peritectic to eutectic behavior [15]. The eutectic trough extends from this
point to the eutectic composition of approximately 49Cr-43Ni-8Fe. The dark, arrowed
line represents the line of two-fold saturation. In the most common composition range
for austenitic stainless steels (60-70% iron), the Cr to Ni ratio on this line is
approximately 1.5 to 1. The composition of the metal relative to the two-fold saturation
line determines the solidification behavior, in particular, the primary solidification mode,
or which phase solidifies first. All compositions on the Ni rich side of the liquidus will
solidify as primary austenite, while those on the Cr rich side solidify as primary (delta)
ferrite. Far from the line, the weld metal solidifies as either entirely austenite or entirely
ferrite, depending on which side of the line the composition falls. These two types of
solidification are called A and F types, respectively. Closer to the line of two-fold
saturation, both phases appear during solidification. During primary austenite
solidification, the austenite pushes out the ferrite-stabilizing Cr, causing the remaining
liquid to become enriched in Cr. When the liquid composition reaches the eutectic
composition, eutectic ferrite appears in the regions between the austenite dendrites [16].
This type of solidification is called AF solidification. During primary ferrite
solidification, secondaryaustenite can form either from the eutectic reaction due to the
microsegregation ofNi (similar to the above discussion for ferrite) or from the peritectic
reaction. The peritectic reaction (L + ferrite => austenite) is favored at higher iron
contents. The eutectic / peritectic austenite appears in the regions between the ferrite
dendrites. This type of solidification is called FA solidification. The boundaries on the
phase diagram, including the line of two-fold saturation between primary austenite /
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primary ferrite solidification, however, may not be followed exactly due to the non-
equilibrium solidification associated with welding [15].
Subsequent solid state transformations in the weld metal also alter the
microstructure of the weld and influence the weld metal morphology. Ferrite transforms
to austenite under equilibrium cooling at high temperatures (above 1000 DC) by a
diffusion-controlled reaction- the diffusion of Cr and Ni to their respective stabIlizing
phases. The new austenite forms either by motion of the pre-existing austenite/ferrite
interface or by nucleation. Austenite is then stable, or at least metastable, to room
temperature and below [17]. Vertical sections ofthe Fe-Ni-Cr ternary diagram, such as
those shown in Figure 12, can be useful in understanding these solid state
transformations, as well as the solidification behavior. These sections are at constant iron
compositions, ranging from 55 -70% - common compositions for austenitic stainless
steels, and show the eutectic reaction. These sections, however, are not quasi-binary in
nature and only serve as an approximate basis for the discussion on solidification [16].
On the left (nickel rich) side of each diagram are compositions that solidify entirely as
austenite and remain austenite to room temperature; an example of this A type
solidification is shown in Figure 12(c). Superaustenitic stainless steels, such as AL-6XN,
solidify by this mode. Primary austenite (AP type) solidification is also demonstrated in
this figure. This type of solidification occurs with compositions that fall within the left
side of the eutectic triangle. At the end of solidification, these alloys consist of primary
austenite at the dendrite cores and eutectic ferrite between the dendrites. Cooling through
the two phase (austenite + ferrite) region and into the single phase austenite region after
solidification, however, results in the transformation of eutectic ferrite to austenite.
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Under the relatively rapid cooling conditions ofwelding, however, some ferrite is
retained. This occurs because the Cr rejected by the transforming austenite does not have
enough time to back diffuse through the solid ferrite; therefore, the remaining ferrite is
too Cr rich to transform to austenite. The original austenite / ferrite interface exists at the
dendrite boundary and upon transformation, moves into the region between the austenite
dendrites. This retained ferrite, therefore, exists between the austenite dendrites. The
common morphologies for A and AF type solidification can be seen in Figure 13.
One example of primary ferrite (FA) type solidification is demonstrated in Figure
12(b). Another example ofFA type solidification occurs when the metal goes through
the peritectic reaction and ferrite and liquid combine to form secondary austenite. The
type of solidification in Figure 12(b) occurs with compositions that fall within the right
side of the eutectic triangle. At the end of solidification, these alloys consist of primary
ferrite at the dendrite cores and eutectic austenite between the dendrites. Cooling
through the two phase austenite + ferrite region, however, results in the transformation of
the ferrite to the austenite phase. Again, under the rapid cooling conditions of welding,
some ferrite is retained. In FA solidification, however, this retained ferrite exists at the
dendrite core because the transformation starts at the dendrite boundary and moves
into the ferrite dendrites due to the interfacial motion. The two general morphologies for
FA solidification can be seen in Figure 13. Skeletal ferrite occurs at the smallest Cr/Ni
ratio. Only a small percentage of ferrite is retained; therefore, ferrite only exists at the
extreme dendrite core. Lathy ferrite has a higher Cr/Ni ratio and a larger percentage of
ferrite is retained; therefore, more ferrite is found at the core. Both of these ferrite
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morphologies can also be formed due to the solid state transformation of ferrite to
austenite in F type solidification, but this is less common.
Several examples ofF type solidification are demonstrated in Figure 12(a). These
compositions fall to the right (Cr rich side) of the diagrams and solidify entirely as ferrite.
Upon further cooling, however, they transform either partly or entirely to austenite. The
example composition labeled Co in Figure 12(c) is cooled into the single phase austenite
region and would transform entirely to austenite under equilibrium conditions. Under
welding conditions, however, some retained ferrite exists; again, this retained ferrite
occurs because of lack of time for back diffusion. Composition C3 is cooled into the two
phase region (austenite + ferrite) and under equilibrium conditions, some retained ferrite
would exist; under welding conditions, even more retained ferrite exists. Composition C1
remains in the single phase ferrite region throughout cooling; therefore, this weld will not
contain any austenite at any temperature. This is a ferritic stainless steel and will not be
dealt with in this research. The transformation of ferrite to austenite in compositions Co
and C3 cannot occur due to the motion of the original austenite/ferrite interface because
one does not exist. The austenite, therefore, must be nucleated in the ferrite,
subsequently, this austenite can appear anyWhere in the ferrite region. The morphology
that most often occurs with F type solidification is the Widmanstatten morphology
(Figure 13). This morphology has the highest Cr/Ni ratio of the ferrite morphologies and
can only be formed through F type solidification. The morphologies shown in Figure 13
are general schematics and a much larger variety of morphologies actually exist. As
discussed above, these morphologies depend on both composition and cooling rate.
28
Since composition has the greatest influence on weld microstructure, several
empirical relationships and constitution diagrams have been developed to predict
microstructure based on the composition ofthe metal to be welded[15]. The previous
discussion has demonstrated the effect of the ternary composition on the microstructure
of the weld metal. Austenitic stainless steels, however, contain more than three
constituents and these elements influence the microstructure as well. In particular, some
elements promote the formation of one phase (Le., ferrite or austenite) over the other,
similar to the effects of Cr and Ni discussed above. To normalize these effects, the
concept of chromium equivalence (Creq) and nickel equivalence (Nieq) was proposed in
1949 by Anton Schaeffler. Although the concept has remained well accepted, the
elements that constitute these two equivalents have been altered throughout the years.
Table II [15] shows these different equivalency relationships. The 1992 relationships are
considered the most accurate unless the alloy system contains a significant amount of
other alloying elements that are not included in the relationships.
These equivalents are plotted as coordinates on a diagram in order to predict weld
metal microstructure and ferrite content. The Schaeffler diagram can be seen in Figure
14. Although the WRC-1992 diagram using the equivalency relationships from that year
(Figure 15) is considered the most accurate, the Schaeffler diagram is still accurate for
300-series stainless steels. In addition, it retains its utility because it accurately predicts
martensite structures; the WRC-1992 diagram cannot predict martensitic structures
because it does not yet have an austenite-martensite transformation boundary on it. Both
diagrams predict the amount of ferrite present in the weld metal at room temperature,
after the solid state transformations have occurred. The WRC-1992 diagram not only
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predicts the phases present in the microstructure of the weld, but also gives the
boundaries between the different solidification modes (ferrite and austenite). The most
important boundary is the one separating the AF and FA type solidification types. This is
where the primary solidification mode switches from primary austenite to primary ferrite.
Some discrepancy still exists as to the exact Creq / Nieq ratio of this boundary, but it is
around 1.4 - 1.5, which agrees with the CrlNi ratio of 1.5 in the ternary diagram. The
importance ofthe AF / FA boundary will become apparent in the next section on hot
cracking. All of the constitution diagrams are applicable only to conventional welding
processes because of the influence of cooling rate on weld metal microstructure. The
microstructure of welds made using welding processes with higher cooling rates, such as
laser or electron beam welding, cannot be accurately predicted using these diagrams.
2.3.2.2 Effect of Flux Elements on the Microstructure
Many austenitic stainless steels, including the 3l6L and AL-6XN studied in the
following research, have minor alloying additions of carbon (C), manganese (Mn), and
silicon (Si). Si is added as a deoxidizer, Mn as a sulfur and silicon compound former as
well as an austenite stabilizer, and C as an austenite stabilizer. Often, a few percent of
molybdenum (Mo) and a small amount of nitrogen (N) are added for corrosion resistance
as well. Residual elements, such as phosphorus (P) and sulfur (S), are also found in
many austenitic stainless steels, including the two used in this research. These two
elements have a large effect on hot cracking in stainless steels.
The superaustenitic AL-6XN is designed for highly corrosive environments.
Subsequently, this alloy contains a high level ofmolybdenum and a small amount of
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nitrogen. Mo is a ferrite stabilizer (Creq ), while N has a large effect on the Nieq despite
its small weight percent. In order to ensure that this alloy solidifies entirely as austenite,
more Ni is added to the alloy as well. The composition ranges for AL-6XN can be seen
in Table III along with the Cr and Ni equivalents calculated using the compositions. The
Nieq value is so high that is off the axis on the WRC-1992 diagram (Figure 15), however,
because it is so far off the axis, it is apparent that AL-6XN is indeed in the fully austenitic
regIon.
The more common 316L alloy also has Mo added for corrosion resistance,
although only a few percent. In addition to the Mo, 316L also has lower values ofNi and
Cr than AL-6XN. The composition and Cr / Ni equivalents for 316L can also be seen in
Table III. Due to the range of permissible compositions for 316L, the Cr / Ni equivalent
range covers all four types of solidification modes on the WRC-1992 diagram. This
difficulty in predicting microstructure occurs for many 300 series stainless steels because
they have compositions that lie close to the eutectic trough [16].
The flux after dissociation contains oxygen, titanium, chromium, and silicon. The
actual amount of each element that will enter the weld pool is not known, however, it
may be a negligible amount.. Cr is the only element in the flux that is part of the
equivalents for the WRC-1992 diagram and it is the least stable oxide, meaning that a
significant amount of chromium oxide may dissociate into elemental Cr. Other
equivalency relationships also include Si and Ti as part of the Creq . The addition ofCr,
Si, and Ti due to the flux may therefore result in a small increase in the Creq; however,
the free oxygen may result in a decrease in the Creq• If the free oxygen in the flux
recombines with chromium from the weld metal, the amount of elemental chromium in
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the weld metal will decrease. This seems unlikely since chromium oxide is relatively
unstable, however, this phenomenon was observed in steel welds made with a silica flux
(non surface-active). The silica was reduced to form silicon and chromium oxide,
resulting in a decrease in the ferrite phase [18]. The flux elements, therefore, may alter
the Creq a small amount. The fully austenitic AL-6XN, however, is far enough away from
the AIAF boundary that it should be unaffected. The flux, therefore, should have no
effect on the primary solidification mode or the ferrite content of the AL-6XN. The
316L, however, can already fall within any of the four solidification modes, with varying
amounts of ferrite, due to its composition ranges. It is feasible, therefore, that if the
composition of the metal was near enough to one of the boundaries, the flux could cause
a change in solidification mode of the weld metal. The primary solidification mode and
morphology could then be altered, along with the change in ferrite content that will occur
regardless. For either of the two alloys, the additional oxygen from the flux could also
result in a larger concentration of inclusions within the weld metal [18]. The other
elements in the flux could also alter the amount and composition of inclusions. Finally,
any of the elements in the flux could have an effect on the microstructure of the weld
solely due to their introduction into the liquid weld metal. These potential effects will be
studied in the following research.
2.3.3 Fusion Zone Hot Cracking
It is obvious that reliable welds are desired for all applications; therefore, weld
defects are of great concern. The most common weld defects in austenitic stainless steels
are hot cracks. Hot cracks, or solidification cracks, occur near the end of solidification.
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They result from the inability of the semisolid material to accommodate the thermal and
shrinkage stresses associated with solidification and cooling. Hot cracks form at
susceptible sites to relieve the accumulating strain. The mechanism by which these
cracks form will be discussed in the next section.
The formation and propagation of hot cracks are influenced by both the
microstructure and the composition of the weld metal. The generally accepted process by
which both of these variables affect hot cracking was first proposed in the early 1980's
by Brooks, Thompson, and Williams[19]. It had been known for many years that alloy
compositions resulting in some retained ferrite in the weld metal were much less
susceptible to hot cracking than those that were completely austenite. In a study by Hull
[20] in 1967, however, it was reported that although 5 - 30% ferrite was beneficial in
preventing hot cracking, at higher levels of ferrite, crack sensitivity again increased. This
study questioned whether the ferrite content alone was responsible for the reduced hot
cracking susceptibility. As it became accepted that welds could solidify with different
primary phases (austenite and ferrite), it also became accepted that primary ferrite
solidified welds were less susceptible to hot cracking than primary austenite solidified
welds. Brooks and Thompson reviewed a number of rationales proposed to explain the
beneficial effect of ferrite and found that only two were sufficient to explain the hot
cracking behavior in austenitic stainless steels. Both rationales were related to the nature
of the weld microstructure during solidification and the early stages of cooling.
Composition also has an effect, however, it is only minor compared to that of the
microstructural influence.
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2.3.3.1 Formation and Propagation of Hot Cracks
Hot cracks form in a weld because the microsegregation of some elements, such
as phosphorus (P) and sulfur (S), results in a low melting constituent at the grain
boundaries. If the resulting liquid can sufficiently wet the boundaries, these liquated
boundaries are easily separated under thermal and shrinkage stresses, resulting in a crack.
This hot crack then propagates along the grain boundary. As aforementioned, however,
the formation and propagation ofhot cracks are influenced by both the microstructure
and the composition of the weld.
2.3.3.1.1 Microstructural Effects
The weld microstructure, in particular the solidification mode and resulting
morphology, greatly affect the hot cracking behavior of the weld. In general, welds that
are fully austenitic are most susceptible to hot cracking, followed closely by fully ferritic
welds. Welds that solidify with an AF type solidification have improved hot cracking
resistance compared to the single phase welds, and FA solidified welds are the least
susceptible to hot cracking.
Fully austenitic welds (type A, solidification) have a high hot cracking
susceptibility because the grain boundaries straighten to reduce the surface energy.
These straight and smooth boundaries (Figure 16(a)) are easily wetted by the low melting
liquids. Consequently, little strain is required to tear the liquated boundaries and form a
hot crack. It is also easy for propagation of the crack along the straight austenite-
austenite boundaries.
When eutectic ferrite forms during primary austenite solidification (AF type
solidification), the hot cracking susceptibility is considerably reduced. This is largely due
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to the presence of ferrite in the boundaries. This results in ferrite-austenite interphase
boundaries, which have a lower surface energy than the austenite-austenite boundaries.
This lower surface energy prevents the boundaries from being wetted by the low melting
liquid; the boundaries then act as solid links within the austenite grain boundaries. These
links prevent the austenite grain boundaries from separating, therefore, reducing hot
crack formation. In addition, the eutectic ferrite pins the austenite grain boundaries,
causing irregular boundaries. These irregular boundaries result in more complicated
crack paths than in the fully austenitic weld; therefore, a reduction in hot crack
propagation occurs as well. This can be seen experimentally when hot cracks traveling
along austenite-austenite grain boundaries are arrested when they encounter ferrite within
the boundaries [19].
Welds that solidify as ferrite but contain some austenite are extremely resistant to
hot cracking. This includes welds that solidify with either eutectic or peritectic austenite
(FA type solidification) and welds that solidify completely as ferrite (F type
solidification), but the ferrit~-to-austenite transformation occurs at the grain boundaries at
a temperature close to the solidus temperature. In other words, the transformation occurs
in the early stages of cooling. All of the welds in this category will be called primary
ferrite solidified welds for simplicity sake. Again, the ferrite-austenite boundary in these
welds reduces hot crack formation and propagation, as it did in AF type solidification. In
primary ferrite solidification, however, the ferrite-ferrite boundaries are mobile in the
secondary austenite. These boundaries, therefore, migrate into the cell (or dendrite)
structure and become incorporated within the ferrite-austenite interphase boundary.
Consequently, primary ferrite solidification has a smaller single-phase boundary area and
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therefore, a smaller area ofboundaries that are susceptible to hot crack formation and
propagation." The incorporation of a grain boundary can be seen in Figure 16 (b). The
figure also demonstrates the complex path resulting from the primary ferrite
solidification, in particular, the skeletal ferrite morphology. The skeletal and lathy
morphologies are the most effective in reducing hot cracking because of their path
complexity; however, the Widmanstatten structure is still more crack resistant than
primary austenite welds.
The reduction in hot cracking that occurs between AF and FA type solidification
is demonstrated in Figure 17. It can be seen that after about 0.04% P + S, the boundary
between hot cracking and no hot cracking occurs at a Creq / Nieq ratio of 1.5. This ratio is
approximately equivalent to the ratio of the boundary between the AF and FA regions on
the WRC-1992 diagram. An increase in solidification velocity and cooling rate,
however, will shift the ratio higher. Therefore, a higher Creq / Nieq composition would be
needed to prevent hot cracking in the weld metal.
Fully ferritic welds with no transformation to austenite (ferritic stainless steel)
will behave similar to fully austenitic welds due to their straight ferrite-ferrite boundaries.
Other welds that will also behave similarly are austenitic stainless steel welds that
solidify and cool a considerable degree below the solidus temperature completely as
ferrite; in other words, ferritic welds in which the transformation to austenite does not
occur in the early stages of cooling. In these two ferritic welds, however, the degree of
wetting may be slightly different from the fully austenitic welds. Also, the ferrite content
in the two ferritic welds is obviously much higher than fully austenitic welds, which will
have a slight effect on the hot cracking susceptibility, as discussed below.
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2.3.3.1.2 Compositional Effects
The composition ofthe weld metal will influence the hot cracking behavior
because of both its effect on the solidification temperature range of the material and its
effect on the amount of segregation of impurity elements that occurs in the weld metal.
Alloying elements alter the width of the solidification temperature range, thereby
influencing the amount of thermal strain in the weld. The composition of the weld
metal influences the amount ofsegregation both by the inherent concentration of impurity
elements in the weld metal and by the ferrite content of the weld metal. The ferrite
content in tum affects the solubility of impurity elements in the weld metal and hence,
influences the amount of segregation. Both the amount of thermal strain and the amount
of segregation in the weld metal determine the hot cracking behavior of the weld.
Hot cracking requires thermal stresses to separate the wetted boundaries. The
accumulated thermal strain in the material is proportional to the temperature range over
which the material solidifies; therefore, the larger the solidification temperature range,
the more susceptible the material is to hot cracking. The solidification temperature range
is influenced by alloying elements, with varying degrees of effect [21]. Sulfur, carbon,
and phosphorus, in particular, have a large effect on iron and assumedly have an effect on
austenitic stainless steel as well. This begins to explain the large detrimental effect of
sulfur and phosphorus on hot cracking in austenitic stainless steels.
Hot cracking also requires the segregation of low melting constituents; therefore,
the volume fraction of these type elements in the weld largely influences the hot cracking
susceptibility. Metallurgical influences, such as the effect of alloying elements, were first
considered in relation to hot cracking in 1968 by Fredriks and van der Toom [22]. They
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found that hot cracks proceed interdentrically (Figure 18) and tend to follow eutectics
(Figure 19) and/or segregated phases (bright region in Figure 20). Phosphorus and sulfur
in particular readily form detrimental low melting phases. These phosphates and sulfides
form droplets and films along boundaries and cause hot cracking [19]. If these two
elements can be kept very low, the weld will have a lower susceptibility to hot cracking
regardless of the microstructure of the weld. Any other impurities that segregate and
form a low melting phase, such as a eutectic phase, will also increase hot cracking
susceptibility. Elements such as boron (B), selenium (Se), niobium (Nb), silicon (Si), and
titaniuin (Ti) have been cited as such impurities [15]. Conversely, manganese (Mn) has
been reported to reduce hot cracking by tying up sulfur, silicon, and oxygen that would
otherwise form low melting phases [15], [23]. It has also been reported that small
additions ofoxygen and nitrogen are beneficial in reducing hot cracking because they
alter the wetting characteristics [15]. Oxygen, however, has also been reported to
increase hot cracking through increased oxide inclusions at grain boundaries [24]. The
effect of nitrogen appears to be more complex- the addition of nitrogen to fully austenitic
welds (A type solidification) decreases hot cracking, but primary ferrite welds (FA type)
become more susceptible to hot cracking after large additions ofnitrogen (Figure 21).
Ogawa [25] suggests that nitrogen decreases hot cracking in high silicon fully austenitic
welds because it inhibits the enrichment of silicon at the grain boundaries. Lee [26],
however, proposes that the nitrogen causes a decrease in cellular dendrite size in the
single phase austenite, with no apparent effect on the amount ofprecipitates on the
boundaries. This decreased cell size can be seen in Figure 22. The increased cell
boundary area, therefore, reduces the concentration of elemental segregation of a given
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impurity level. In FA solidified welds, however, higher concentrations ofnitrogen (an
.austenitic stabilizer) change the solidification mode to AF or A, resulting in an increase
in hot cracking.
The composition of the weld metal also determines the ferrite content of the weld
metal. The ferrite content influences the amount of segregation of low melting
constituents, thereby influencing the hot cracking behavior of the weld metal. The ferrite
content influences segregation because ferrite has a higher solubility for impurity
elements, including P and S, than the austenite phase. Therefore, the ferrite present in
both AF and FA solidification further reduces the hot cracking susceptibility of the weld
metal. Due to the earlier belief that the ferrite content was responsible for reducing hot
cracking of stainless steel welds, constitution diagrams predicting ferrite content in the
weld metal (such as Schaeffler) became very important. However, this ferrite content is
the amount of ferrite present after cooling and is significantly less than the ferrite content
during solidification, when hot cracking occurs. Even though it is now known that the
microstructure of the weld metal is more important in predicting the hot cracking
susceptibility, ferrite content, or ferrite number (FN), is still used because it is easier to
measure experimentally. Generally, if the ferrite content at room temperature is more
than 4 %, hot cracking will not occur. This 4 FN composition is comfortably in the FA
region of the WRC diagram (Figure 15) for lower-alloyed weld metals and just within the
FA region for highly alloyed weld metals.
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2.3.3.2 Effect of Flux Elements on Hot Cracking
Superaustenitic stainless steels, such as AL-6XN, are extremely susceptible to hot
cracking by definition. Superaustenitics solidify entirely as austenite (A type
solidification), which has been shown to be the most susceptible microstructure for hot
cracking. The presence of trace amounts ofphosphorus and sulfur as well as a small
amount of silicon also increases hot cracking susceptibility due to the formation of low
melting phases. The small amount of manganese and nitrogen added to AL-6XN,
however, has been hypothesized to reduce hot cracking by typing up silicon and sulfur
and altering wetting properties, respectively.
The common 300-series austenitic stainless steels, such as 316L, have been
shown to have varying solidification modes and varying resulting microstructures. These
alloys, therefore, have varying hot cracking susceptibility. As with the AL-6XN, the
presence ofphosphorus, sulfur, and silicon increases hot cracking susceptibility, but
manganese helps reduce this susceptibility.
The effect of the flux on hot cracking susceptibility is two fold. It has been
determined that hot cracking is affected by the microstructure (primary solidification
mode and morphology) and composition (ferrite content and impurity concentration) of
the weld metal. Therefore, if the flux affects either of these factors, it may also affect hot
cracking.
The effect of the flux on the microstructure and ferrite content of the weld metal
has been discussed previously. In review, the surface-active flux increases the variability'
of the microstructure and ferrite content of the 316L, but will most likely not affect the
fully austenitic AL-6XN microstructure. Therefore, in terms of the microstructural and
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ferrite content influence on hot cracking, the flux will further increase the variability of
the hot cracking susceptibly of 316L and have no effect on the already susceptible AL-
6XN.
The effect of the flux elements (0, Ti, Si, Cr) on the composition of the weld
metal, however, will also influence hot cracking. Chromium has not been reported to
have any direct effect on the composition and therefore only influences hot cracking due
to its previously mentioned effect on ferrite content and microstructure. As already
stated, titanium and silicon have been cited as elements that form low melting phases and
increase hot cracking susceptibility [15]. Oxygen has been reported to be beneficial in
reducing hot cracking [15], [27], [28],[29], but several papers also suggest that oxygen
may increase hot cracking susceptibility [30],[31], [32]. The effect oftitanium, silicon,
and oxygen will be discussed further in this section.
Oxygen has been said to be beneficial in reducing hot cracking due to the
alteration ofwetting characteristics [15]. In 1999, Winkler and Eisenbeis [27] found
experimentally that hot cracking susceptibility often decreased with increasing oxygen
content in low alloy steels.
Other studies [30],[31], [32], however, have stated that oxygen in the weld metal
increases hot cracking in Fe-Ni and Fe-Cr-Ni welds. In 1981, Yushchenko and
Starushchenko [30] acknowledged the contradictory data in the literature regarding the
effect of oxygen on hot cracking and rationalized that the good effect of oxygen was a
result ofpartial oxidation of sulfur, silicon, and hydrogen. They said that the ill effect of
oxygen on austenitic stainless steels was associated with the oxidation of titanium,
aluminum, silicon, vanadium, and chromium, and changes in the primary structure of the
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weld. It had been previously observed that oxygen segregates along intergranular
interlayers, altering their composition and properties [29]. Yushchenko and
Starushchenko found that an increase in the oxygen content of the weld metal resulted in
changes in the dimensions and relative volume of non-metallic inclusions in the weld.
These changes are summarized in Figure 23. The total amount of inclusions does not
change greatly, however, the number of fine inclusions decreases, while coarse inclusions
increase in number. These inclusions are located at grain boundaries and within the
grains (especially at lattice defects) and are often complex oxides containing a small
amount ofmanganese and titanium. In addition, inclusions in the form of interlayers or
chains (called film type inclusions) form in welds containing microcracks. These
inclusions can be formed during solidification of the last batches of solution enriched in
oxygen. Yushchenko, Starushchenko, and Savchenko also conducted another study to
determine the manner by which hot cracks are initiated in Fe-Ni and Fe-Cr-Ni systems
[31]. They suggest that oxygen diffuses to the grain boundaries from an external medium
or a solidifying solid solution and that its segregation forms oxide inclusions and skins
(films) at the grain boundaries. These inclusions and skins result in a drop in strength at
the grain boundaries, leading to the it;litiation of cracks. Ogawa also found significant
segregation of oxygen at crack tips along austenite grain boundaries in Fe-Ni alloys [33].
Yushchenko and Starushchenko propose that the oxygen content in the weld metal must
be less than 0.01% to prevent hot cracks from forming in the welds of the Fe- (30-50) Ni
system. Vil'Yams [32] determined that above 0.0136% oxygen, hot cracking occurred in
1oKh19NlOT austenitic steel. Resistance to hot cracking can also be achieved by
introducing deoxidizing agents, such as Mn, Ti, and Al into the metal.
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Titanium is an element that forms a low melting phase in stainless steel and is,
therefore, usually thought to be detrimental to hot cracking behavior. In December 2000,
Shankar et. al. [34] studied the influence of titanium on the hot cracking susceptibility of
D9, a fully austenitic, titanium stabilized stainless steel (15% Cr, 15% Ni, 2.25% Mo,
0.2-0.4% Ti). This study stated"...although titanium has a potent influence on
weldability [hot cracking], information on this aspect of titanium is not widely available."
It is known that austenitic stainless steels stabilized with niobium or titanium have a
greater susceptibility to hot cracking than the unstabilized varieties [35] and that both the
titanium content and the Ti to C ratio have been found to have a major effect on hot
cracking [36], [37]. The hot cracking is attributed to the segregation oflow melting
constituents based on Nb or Ti, in association with S, P, and Si [38], [39], [40], and it is
believed that a eutectic is formed between Ti(C,N) and austenite [41]. Using both a
longitudinal and transverse Varestraint test, Shankar et. al. found that the D9 alloys
exhibited more cracking with increasing Ti content from 0.21% to 0.42%. Figure 24
demonstrates this trend with the maximum crack length (MCL) from the transvarestraint
plotted for three different Ti contents (D9-A, B, C). Alloy 321 is also plotted; this alloy
is also titanium stabilized, but solidifies with a FA type solidification, versus the A type
solidification of the D9 alloys. The microstructure of each of the above alloys observed
after a longitudinal Varestraint test are shown in Figure 25. For the D9 alloys, increasing
Ti content resulted in longer and wider cracks, with a decrease in backfilling as well.
Figure 26 shows the microstructure of the D9-B alloy at higher magnification. The figure
shows the presence of segregates (particles) around crack extensions and in the
interdendritic regions throughout the microstructure. Using electron probe microanalysis
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(EPMA), these particles were found to be enriched in titanium, as well as carbon, sulfur,
and nitrogen. General titanium enrichment was also found along the crack and in the
interdendritic regions, indicating that titanium was present in solution in the segregated
liquid, as well as in the form ofparticles. The researchers believe this segregation occurs
because titanium strongly partitions to the liquid during solidification. This segregation
especially occurs during A type solidification because titanium is a ferrite stabilizer.
Electrochemical extraction identified the phases formed during segregation as TiC,
ThCS, Ti4C2S2, and TiCo.3No.7. The relative proportions of three of these constituents can
be seen in Figure 27. It is believed that eutectics containing these phases and austenite
caused the increased hot cracking. As the titanium content was increased, the amount of
precipitate increased, presumably due to increased segregation of titanium, along with
other elements, to the grain boundaries. Since titanium has a strong tendency to combine
with carbon and nitrogen, it is important to consider the titanium content in relation to the
content of these interstitial elements. Shankar et. al. suggest that the level of titanium
must be kept below 0.3% and below 3 times the (C + 0.857N) level to prevent hot
cracking. Other researchers also believe that titanium increases hot cracking in iron-
nickel alloys and austenitic stainless steels because of segregation to the grain boundaries
[42], [33], [23].
Studies have also found, however, that small amounts of titanium can decrease
hot cracking susceptibility [41], [23]. Matsuda et. al. [41] found that a titanium content
of 0.05% reduced hot cracking in type 310 weld metal with very low S (0.002%), but
0.024% P. It is suggested that the beneficial effect of small additions of titanium arises
because titanium acts as a deoxidizer and reduces the amount of oxygen in the weld
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metal, which reduces the detrimental effect of oxygen on hot cracking behavior. Above a
very small amount, however, titanium is again found to be detrimental to hot cracking
behavior.
Silicon is generally accepted to be harmful to hot cracking because it segregates
and forms low melting silicates at the grain boundaries. This was first reported in 1968
by Fredriks and van der Toom [22]. Using a KSLA hot crack testing apparatus, these
researchers studied welds made on 321 stainless steel with various electrodes. Ultraslow
line scanning with an electron probe microanalyzer (EPMA) showed that the crack
promoting eutectic and segregates contained relatively large concentrations of silicon, as
well as sulfur, phosphorus, niobium, and manganese. Since then, it has been determined
that different weld metals with different compositions reacted differently to silicon
content. Fully austenitic stainless steels, such as AL-6XN, are more sensitive to silicon
content, while partially ferritic welds, such as 316L, can tolerate some silicon (1.5-2.5 %)
without a detrimental effect on hot cracking [43]. In 1996, C.H. Lee [26] studied the
effect of silicon on hot cracking of austenitic stainless steels using a multipass Varestraint
test. For primary ferrite solidified type 304 stainless steel, Lee found that initially hot
cracking increased with increased silicon content (up to 0.78%); however, above this
amount, no increase occurred. In fact, hot cracking decreased with higher amounts of
silicon (1.25%). This decrease in hot cracking may be explained by the relatively large
increase in ferrite content that occurred over t his silicon content range. Figure 28 shows
these results. Figure 29(a) shows the typical microstructure and crack morphology in the
1.25% Si weld metal. The crack occurs along solidification grain boundaries, which is
continuously decorated by fine precipitates (shown in Figure 29(b)). STEM revealed that
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In summary, it appears that the addition of chromium due to the flux will not have
a compositional influence and will only affect the ferrite content and microstructure of
the 316L. Titanium and silicon may both increase hot cracking susceptibility in the AL-
6XN and 316L, but the AL-6XN will be more sensitive to small amounts of silicon, and
titanium may also segregate more in the superaustenitic. Oxygen may reduce hot
cracking susceptibility through alteration of wetting characteristics, however, oxygen will
also result in an increased number of oxide inclusions. These inclusions may increase hot
cracking susceptibility. The effect of the flux on the hot cracking ofthe two austenitic
stainless steels, AL-6XN and 316L, will be determined in the research that follows this
literature review.
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Table III. Composition ranges and calculated Creq/Nieq ranges for AL-6XN
C Mn Si Cr Ni P S Mo N eu Fe
Typical 0.02 0.40 0.40 20.5 24.0 0.025 0.002 6.3 0.22 0.1 R*
Range 0.03 2 1 20- 23.5- 0.04 0.03 6-7 0.18- 0.75 R*
max max max 22 25.5 max max 0.25 max
*R - remaining volume percent
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Figure 1. Application of surface flux using paintbrush [6]
,-----------_.. _----
Flux
: layer,
. Parent
plate, '. ',.._..
-.:) Weld pool
-- - -
.' Weld bead
Figure 2. Set-upfor GTA welding with a surface flux [6]
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Figure 3. Effect of surface-active oxygen on weld geometry of Type 304 stainless steel [10]
(a- 70 ppm (wt %), b- 120 ppm (wt%»
Figure 4. Effect of a sulfur containing flux on two different heats ofType 304 stainless steel.
Welds on the 1eftwere made with flux, welds on the right were made without flux
A-Weld metal contains < 20 ppm ofsulfur, B- Weld metal contains 240 ppm of sulfur [4]
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Figure 5. Appearance of weld made with (left) and without (right) flux.
The side made with the flux exhibits a "fused flux" residue. [4]
Figure 6. Characteristic appearances of an arc made with and without flux
A- without flux, B- with flux [12]
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Figure 7. Schematic of arc constriction produced by vaporized molecules capturing
electrons in the outer regions of the arc due to their higher electron affinity [12]
lWELD'NUDIRECTION
Figure 8. Outward Marangoni flow in a conventional weld with no flux or SAEs [11]
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1500 2500
Figure 9. Surface tension temperature dependence for iron
A- high purity material (no SAEs), B- containing added sulfur,
C- containing added oxygen [11]
]
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Figure 10. Inward, reversed Marangoni flow in a weld pool with SAEs [11]
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Figure 11. Liquidus projection ofthe Fe-Ni-Cr ternary diagram
(green-liquidus line, pink- peritectic region, yellow- eutectic region) [15]
1000
Niekelc olenl. WI,.
0 25 20 15 10 S
Ipqu; ..k::~
T' L/ N~' Lt-T;~.L_ .. ~~~
1\\ I ~,
'"
:-y. b-
T
--L.
" T' b ~ 0I y. I
, 1
15 20 ~ 30 35 40
Chromiurr content. \\t%
400
600
Ie)
1400
3
1600
A AF
o
• 1200
!?
=e 1000
8.
£ SOD
F FA
25 2S
1600 1600
1400 1400
~ 1200 ~ P 1200
oj ff~ =i 1000 e 10008. T
E e
~ GOO <ll sao...
600 600
400 400
5 15 20 25 30 3S 40
Chromium content. wI'l(,(a) (b)
Figure 12. Vertical sections ofthe Fe-Ni-Cr phase diagram [17]
(a) 70% Fe (b) 60% Fe (c) 55% Fe
55
WELD FERRITE MORPHOLOGIES
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Figure 13. General morphologies for austenitic stainless steel welds [19]
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Figure 14. Schaeffler diagram predicting weld metal ferrite content and microstructure
[17]
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Figure 18. Interdendritic cracks running through extended regions ofa weld deposit [22]
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Figure 19. Photomicrograph ofa hot-cracking-promoting eutectic in a weld deposit [22]
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Figure 20, Photomicrograph ofa weld deposit featuring hot-crack-promoting phase [22]
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Figure 25. Microstructures of fusion zone cracks in longitudinal Varestraint test
specimens strained at 4%: (a) D9-A, (b) D9-B, (c) D9-C, (d) 321 [34]
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Figure 26. Segregates associated with fusion zone cracks in Varestraint test specimens of (a)
D9-B showing particles along crack extensions and interdendritic regions and (b) precipitates
along cracks extensions in 321 weld metal [34]
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3 EXPERIMENTAL PROCEDURE
All experiments were performed on the superaustenitic stainless steel, AL-6XN.
The typical composition of this alloy, provided by Allegany Ludlum, as well as the
allowable range of compositions, is given in Table 2-3. The size of the initial sample
depends on the specific experiment to be conducted and will be discussed in each section
separately. All the samples were cut to the desired size using a Marvel band saw. The
surface to be welded was either milled or ground using a handheld grinder with an 80-grit
rotating wheel until the as-received surface was removed. The samples were then
cleaned with acetone prior to welding.
The surface active flux powder was supplied by EWI and mixed with acetone
prior to application. For those samples to be welded with flux, the flux was applied with
a paintbrush (Figure 2-2) down the center of the metal, as evenly as possible, and thick
enough to prevent visual examination of the metal. The acetone was allowed to
evaporate, leaving the flux powder adhered to the surface of the metal. A small area of
flux was removed directly beneath the electrode to facilitate the arc start.
A fully automated GTA welding system was set up to perform the welds for all
experiments. An ESAB 350 amp constant current/constant voltage power source was
used. The power source, travel carnage, and all auxiliary equipment were controlled by a
LRC control unit. The GTA welding process was conducted on all samples using direct
current negative polarity and argon shielding gas (45 CFH (ft3/hour». A GTA welding
torch with a 1/8" (0.3 cm) diameter, 2% thoriated tungsten electrode was adjusted to
create a constant arc length of approximately 0.05" (0.13 cm). The current and travel
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speed of the system were set according to the needs of the specific experiment, and the
resulting voltage was measured using a voltmeter. Autogenous welds were made as close
to the center of the sample as possible, and for welds made with flux, as close to the
center of the applied flux as possible. Welds were allowed to cool before further work
was done. Sample preparation and analysis varied for each experiment and will therefore
be discussed in the respective section.
l
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4 PRELIMINARY EXPERIMENTS
4.1 Introduction
The initial experimental work done for this research, not involving evaluation of
properties or microstructure, will be referred to as preliminary experiments. These
preliminary experiments were conducted for a number of reasons. First, they were used
to verify the accuracy of the welding equipment and procedures described in Section 3.
Secondly, preliminary experiments were performed to document the effect of the surface
active flux on the macroscopic weld dimensions. Lastly, the results of the dimensional
analysis were evaluated to determine the welding parameters for the subsequent
experiments in this study.
4.2 Experimental Procedure
Welds were performed on 6" x I" x 1/4" (15 cm x 2.5 cm x 0.64 cm) samples
using the surface preparation and welding procedures described in Section 3. For the first
experiment, travel speed was varied in order to verify the accuracy of the system. Next,
the travel speed was held constant at 3 mrn/s and the current was incremented in 50 amp
steps from 50 amps to 250 amps. The actual current was read off the ammeter on the
power source and the voltage was measured using a handheld voltmeter. The samples
were then sectioned at two different intervals along the welos using an abrasive cut-off
wheel. Both cuts were made near the center of the weld to ensure steady state conditions.
Both machined surfaces were then ground and polished to a O.lllm finish, then put into a
vibratory polisher with a standard silicon dioxide solution. Next, the samples were·
electrolytically etched using a 60-40 nitric acid-water solution to preferentially macro-
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etch the weld metal. The dimensions of the fusion zone were measured for each cross-
section using a LECO 2001 quantitative image analysis (QIA) system.
The surface dimensions ofthe terminal weld bead (at the end of the weld) were
also measured using the QIA system. These dimensions are equivalent to those of the
liquid weld pool during welding. For welds made with flux, the slag (or fused flux) on
the surface was removed prior to measurement using a rotating wire brush wheel. A
second set ofweld beads was also performed at the same current intervals and measured
to test for weld bead reproducibility.
Welds were also performed on samples of varying thickness - 3/4" (1.9 cm), 1/2"
(1.3 cm), 5/16" (0.8cm) - using the surface preparation and welding procedures described
in Section 3. These welds were used to further verify the effect of the flux on weld cross-
sectional dimensions, including currents that could not be run on the 114" samples. The
first welds made on the 3/4" samples were kept at a constant travel speed of 3 mm/s and
run at currents of 150,250, and 350 amps, both with and without flux. Welds made on
the 112" and 5116" samples, as well as additional welds made on the 3/4" samples, were
only run with flux, and the travel speed and current were varied as shown in Table 4-1
and Table 4-2. All samples were sectioned in the middle of the weld using the band saw,
and one machined surface from each weld was ground to 120-grit on a belt grinder. The
cross-sections were etched using 60-40 nitric acid- water solution, and the weld
dimensions were measured using.a ruler. For the first welds made on the 314" samples,
the welded surfaces, with and without flux, were analyzed both before and after using the
rotating wire brush wheel.
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4.3 Results and Discussion
The verification of the travel speed and travel time is shown in Table 4-3. It can
be seen that travel time is very accurate at all set travel speeds and times; however, the
travel speed accuracy depends on the speed and time chosen. As the set travel speed
increases and the set travel time decreases, the travel speed increases in error. At 3 mm/s
- the travel speed that will be used in most of the subsequent experiments - the travel
speed is fairly accurate at sufficient travel times. The system, therefore, is considered
acceptable for further experiments.
Table 4-4 shows the set current versus the actual measured current for the system.
It can be seen that the set currents are fairly accurate, however, the error increases with
increasing current, especially between 150 and 200 amps. For complete accuracy, all
subsequent calculations involving current will use the actual values shown in the table.
The average voltage was calculated for each current using the measured voltage
for two different weld passes. The results are shown in Figure 4-1. The overall trend is
as expected - that an increase in current results in an increase in voltage. It was also
found, however, that welds made with flux have a higher voltage than those made
without, as least at currents up to 200 amps. It can also be seen that the measured voltage
does not vary much between the 2 passes, except for 250 amps with flux, which will not
be used for subsequent experiments. Therefore, these average voltages were assumed to
be valid for any welds made at an arc length of 0.05" and the respective current.
The effect of the flux on the dimensions of the weld cross-section can be seen in
the representative photographs in Figure 4-2. It is obvious that the flux does indeed
increase penetration and causes a significant shape change as well. The welds made
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without flux are wide and shallow, with the bottom of the weld almost parallel to the
bottom of the sample at lower currents. The welds made with flux start out wide at the
surface, but become narrow further into the weld. This characteristic shape can be
separated into two regions- the wide region at the surface of the weld (material that melts
first) and the narrow, deep, bottom region of the weld. The shape of the former region
suggests that reversed Marangoni flow is not yet occurring completely. This
phenomenon is probably due to the fact that the surface active oxygen atoms have not yet
had time to reach the positions that cause flow reversal- floating on the surface in the
outer regions of the weld, and in solution in the region underneath the arc (highest
temperature region). The narrow and deep region of the weld occurs when the oxygen
reaches these locations and reversed Marangoni flow is occurring completely.
The quantitative effect of the flux on the dimensions of the weld cross-sections
can be seen in Figure 4-3, Figure 4-4, and Figure 4-5. These figures demonstrate that both
types ofwelds (made with and without flux) are fairly uniform along the weld because
the two cross-sections for each measurement agree well with one another. These figures
also show 'that, for both types ofwelds, an increase in current results in an increase in
width, depth, and area, as expected. Figure 4-3, however, shows that the widths of the
welds made without flux increase at a higher rate than those made with flux. Therefore,
although the widths for the two types are similar at 50 amps, welds made without flux are
wider at higher currents than those made with flux. The width measured is the surface
width, which is the widest portion ofboth types ofwelds. The fact that the width even at
the surface of the welds is smaller for welds made with flux than without illustrates that
the oxygen from the flux must be having an effect on flow even in the surface portion of
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the welds. Obviously, the effect of the flux on width would be even larger if the width
was measured at a region deeper within the weld. The surface width, however, was
chosen for measurement to facilitate consistency and because subsequent experiments
depend mostly on the surface dimensions of the weld. Figure 4-4 shows that the welds
made with flux are deeper, or have a higher penetration, than those made without flux,
and that the effect increases significantly with increasing current. The percentage
increase in weld penetration due to the flux ranges from 240% to 300%, with the largest
increase at 150 amps and the smallest increases at 50 amps and 250 amps. Therefore,
although fairly constant, the increase in penetration due to the flux actually increases,
then decreases with current. These percentage increases agree with the reported effect of
up to a 300% increase in penetration due to the flux (Paskell, WJ). Figure 4-5 shows the
increase in cross-sectional area that occurs due to the flux, with an increase in current
again intensifying the effect. The effect of the flux on area is speculated to be due to an
increase in melting efficiency due to the alteration of flow in the weld.
The effect of the flux on the dimensions of the weld beads can be seen in the
representative photographs in Figure 4-6. The shape of the weld bead is altered due to the
flux, and the effect seems to increase with increasing current. Figure 4-7, Figure 4-8, and
Figure 4-9 show the quantitative effect of the flux on the dimensions of the weld bead.
These figures demonstrate that for both types ofwelds, an increase in current causes an
increase in width, length, and trailing length. The width and length values used in the
plots are the maximum width and length of the weld bead. Trailing length is defined as
the distance between the heat source and the trailing edge (tail) of the weld pool, or the
portion of the weld pool that is cooling. The heat source is assumed to be at the widest
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portion of the weld bead, therefore, trailing length is measured between that point and the
trailing edge. The width values in Figure 4-7 are very similar to those in Figure 4-3, as
would be expected. Figure 4-8, and Figure 4-9 show that, for both welds, agreement
between the different weld beads measured at the same parameters is good at low
currents, but decreases as current increases. The agreement is also better for welds made
without flux than with flux. Additional weld beads made with flux were run at 100, 150,
and 200 amps because ofthis variability. Weld bead reproducibility will be discussed
further in the next section. Figure 4-8, and Figure 4-9 also show that the weld bead length
and trailing length are slightly higher for welds made without flux than with, although the
error in Figure 4-9 at high currents obscures this trend. It is important to note that
although the lengths and trailing lengths appear fairly similar between welds made with
and without flux, the shape of the weld beads between the two types of welds is quite
different. The lengths and trailing lengths do not accurately represent the shape
difference because they are taken at the maximum value and do not reveal how quickly
the trailing edge decreases from this value. For example, at 150 amps, the trailing edge
of the weld bead made without flux gradually decreases from the measured, maximum
value, creating a low curvature weld bead. The weld bead made with flux, however,
decreases more quickly from the maximum and therefore, has a higher curvature (Figure
4-6). The shape ofthe weld pool will be discussed further in the weldability section.
Welds made without flux were shown to have fairly reproducible weld beads;
however, dimensions of the weld beads made with flux were seen to vary, especially the
lengths, and especially at higher currents. To better document these differences, several
welds were run at the same parameters. Special care was taken to note the processing
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conditions, especially in terms of the flux application and appearance. The results of
these trials can be seen in Figure 4-10, Figure 4-11, and Figure 4-12 for 100 amps, 150
amps, and 200 amps, respectively. Welds were not run at 250 amps, despite the large
variability seen in these weld beads, because this current will not be used for subsequent
experiments. These figures again show that higher current results in higher variability;
however, variability exists for all three currents. Through observation of the flux
appearance, it was seen that the amount of flux had an effect on the weld bead
dimensions, especially length and trailing length. For example, at 150 amps (Figure
4-11), sample #4 was noted to have had the flux applied heavily, while sample #5
appeared to have a light flux coat compared to the first 3 samples. It can be seen in the
plot that sample #4 had a lower length and trailing length than the first 3 samples, while
sample #5 had a higher length and trailing length. Therefore, it seems that the amount of
flux applied to the metal has an effect on the surface dimensions of the weld. The
amount of flux may affect the cross-sectional dimensions of the weld as well, but this was
not evaluated in this research. It has been reported that the weld pool is virtually
insensitive to the thickness of the applied flux layer (Kamo), and other sources only
speak ofa maximum thickness above which a weld cannot be made (Paskell WJ, Paskell-
big EWI). The results of these preliminary experiments, however, seem to contradict
these findings. As an attempt to improve the reproducibility of the welds made with flux,
a composition of the flux (powder to acetone ratio) that matched the consistency
recommended by the manufacturer (EWI) was determined and this composition was used
for all subsequent welds. Due to the volatile nature of the acetone, the flux had to be
mixed new each weld session and kept in a covered container throughout the session.
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Special care was also taken to apply the flux in a standard manner with the same
paintbrush and same stroke.
The effect of the flux on the cross-sectional width and depth of the first welds
made on the 3/4" samples can be seen in Figure 4-13. As with the thinner samples, an
increase in current results in an increase in width and depth. Also similarly, the welds
made with flux are deeper and narrower than those made without flux. It was seen in
Figure 4-3 that the effect of the flux on the weld width increased with increasing current.
The effect of the flux on the widths for equivalent currents (150 & 250 amps) in Figure
4-13, however, appears similar despite the increase in current. An increase, however,
does occur between 250 amps and 350 amps, thereby keeping with the previous trend.
Figure 4-4 showed a dramatic increase on the effect of the flux on depth due to current,
although the actual percentage increase in penetration due to the flux was fairly constant.
In Figure 4-13, however, the difference in depths at the equivalent currents remained
similar and actually decreased significantly from 250 amps to 350 amps, completely
contradictory of the previous trend. The actual percentage increase in penetration due to
the flux decreased from 280%, to 164%, to 113%, with increasing current. It seems that
at very high currents, the effect of the flux on penetration decreases. It also appears that
the thickness of the material influences the effect of the flux on weld cross-sectional
dimensions, especially the weld depth.
The width and depth of the welds made with flux on the 1/2",5/16", and
additional 3/4" samples can be seen in Table 4-1 and Table 4-2. The phrase "melt
through" means that the arc resulted in a hole through the sample. In additional to
dimensional analysis, it was found that high currents (300 amps and higher) and/or low
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travel speeds (2 mm/s and less) resulted in a loss of the typical shape of the weld made
with flux (discussed previously). The welds instead became more u-shaped, similar to
welds made without flux. The dimensions and shape of the welds made on these thicker
samples were important for preparation of fatigue samples that were intended for use in
this research. These fatigue samples, however, will be analyzed in a future study instead.
The surfaces of the welds made with and without flux can be seen in
representative photographs in Figure 4-14. The weld made without flux is very flat but
contains darker regions down the middle ofthe weld. These darker regions are probably
oxides that fonn when the liquid weld pool comes in contact with air due to incomplete
shielding of the argon shielding gas during welding. The weld made with flux has a large
amount of surface topography and has a dark, blue-tinted slag lying on top of the weld
surface. When an automatic, rotating wire brush wheel was used on the weld surfaces,
both the oxide and slag were removed with no apparent damage to the weld metal. The
weld made with flux still has the surface topography, which is probably due to the
increased turbulence in the weld due to the reversal of flow. This large effect of flux on
the surface of the weld metal plays a role in subsequent experiments.
4.4 Summary
The preliminary experiments satisfied their objectives. It was determined that the
welding system and procedures described in Section 3 were indeed adequate for the
subsequent experiments. The travel speed and currents to be used for future experiments
are sufficiently accurate (and the actual currents are known for future calculations). The
voltages for the arc length and currents to be used have been measured and assumed
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accurate for future welds made under the same conditions. The effect of the flux on
cross-sectional and weld bead dimensions and shape has been shown to be significant. It
has also been shown that the intensity of the effect of the flux on weld bead dimensions
depends on the amount of flux applied. Therefore, a standard composition for the flux
has been determined and will be used in subsequent experiments. The effect of flux on
the surface of the welds was documented, as well as the presence and removal of oxides
and slag on the surface. The results of the dimensional analysis of the welds made with
and without flux on the different thickness materials will be used to determine the
parameters for the subsequent tests, as will be discussed in the following sections.
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Table 4-1. Dimensions (in mm) ofweld cross-section made with flux on 112" and 5/16"
samples at 350 amps and various travel speeds
350A
1/2" - wlflux 5/16"- wlflux
Travel Speed Depth Width Depth Width
3 mm/s 5 11.5 5 11
2.7 mm/s
- - 6 11
2.5 mm/s 6 12.5 6 11
2 mm/s 6 12 7.5 11.5
1.9 mm/s - - melt through
1.8 mm/s - - . melt through
1.7 mm/s
- - melt through
1.5 mm/s 6 17 melt through
1 mm/s melt through - -
Table 4-2. Dimensions (in mm) ofweld cross-section made with flux on 3/4" samples at
various currents and travel speeds
3/4"- w/flux ~ Travel Speed ~
3 mm/s 2 mm/s 1 mm/s
Current Depth Width Depth Width Depth Width
150 A 3.5 3.25 - - - -
200A 4.75 3.75 - - 9 8
250A 5.75
..
6 6 8 10 10.5
300 A 5.5 8 6.75 10.5 10 14
350 A 6.5 7.5 6.5 -15 - -
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Table 4-3. Travel speed (and travel time) verification for GTA welding system
Set Set Measured Measured Measured Error-
Travel Speed Travel Time Travel Time rrravel DistancE Travel Speed Travel Speed
(mm/s) (sec) (sec) (mm) (mm/s) (%)
3 30 30 89.5 2.98 0.667
3 30 30 89.5 2.98 0.667
3 1 1 2.5 2.5 16.7
3 120 121 360.5 2.98 0.667
3 120 120 360.5 3 0
30 10 10 296 29.6 1.33
30 10 10 294 29.4 2
10 30 30 298.5 9.95 0.5
5 40 40 198 4.95 1
Table 4-4. Current verification for GTA welding system (in amps)
Current- Set Current- Measured
50 49.5
100 100.5
150 150.5
200 202
250 252
300 302.5
350 352.5
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Figure 4-2. Representative photographs showing the effect ofthe flux on weld
cross-sectional dimensions
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INTENTIONAL SECOND EXPOSURE
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Figure 4-2. Representative photographs showing the effect of the flux on weld
cross-sectional dimensions
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Figure 4-4. Effect of flux on weld cross-sectional depth (or penetration)
(1) & (2) are different cross-sections from the same weld
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Figure 4-5. Effect offlux on weld cross-sectional area
(1) & (2) are different cross-sections from the same weld
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Figure 4-6. Representative photographs showing the effect of the flux on weld
bead dimensions
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Figure 4-10. Weld bead dimensions measured for weld made at 100 amps (with flux)
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Figure 4-12. Weld bead dimensions for weld made at 200 amps (with flux)
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Figure 4-14. Representative photographs showing surface ofwelds made
without flux (a) and with flux (b)
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Figure 4-14. Representative photographs showing surface ofyvelds made
without flux (a) and with flux (b)
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5 MICROSTRUCTURAL CHARACTERIZATION
5.1 Introduction
Microstructural characterization is a broad topic that can include many types of
analysis. The purpose of the microstructural analysis done in this research is to compare
the microstructures of the welds made with and without flux. Microstructural differences
often result in differences in properties. Therefore, differences in microstructure
between the two welds may be able to explain any differences found in the properties to
be studied in this research. Even ifno differences are found, microstructure may affect
properties not studied in this research. Therefore, it will be useful to analyze and
compare the microstructures of the welds made with and without flux.
The analysis of the weld microstructures is broken down into three sections. The
first is the analysis of the grain structure and substructure (cells, dendrites) and will
include relative size (coarseness) and growth direction. Both cross-sectional and planar
views of the welds will be observed. The second section will investigate the presence of
second phases or inclusions. These first two sections will be analyzed using microscopy.
The third section is the compositional analysis of the welds. This section will include the
identification of any second phases and/or inclusions. It will also include general
compositional analysis of the entire weld and particular regions of the weld, such as the
core and interdendritic regions. Also, compositional analysis will be done on the base
metal and flux powder since these are the contributing factors to the final weld metal
composition. The compositional analyses described above will be performed using both
microscopy techniques and chemical analysis techniques, and will be described further in
the next section.
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5.2 Experimental Procedure
The welds used for the cross-sectional samples.were performed on 6" xl" x 1/4"
(15 cm x 2.5 cm x 0.64 cm) samples using the surface preparation and welding
procedures described in Section 3. The planar samples were taken from the weldability
samples (Section 6). These welds were almost identical to those of the cross-sectional
samples except the length of the sample was 6.5" (16.5 cm). Both the cross-sectional and
planar welds were run at a travel speed of3 mm/s and currents of 100, 150, and 200
amps, both with and without flux. In ord (to preserve the slag layer on the cross-
sectional welds made with flux, these w lded samples were gold-palladium sputtered and
then nickel-plated. The gold-palla . m is used for better adherence ofthe nickel to the
\../
metal. The samples had to be s ctioned on the band saw to fit into the gold-palladium
sputterer. Some slag may have been removed in this process; however, enough remained
intact for analysis. The samples were painted with Micromask lacquer on all surfaces
except the weld metal to accelerate the nickel-plating process. The metal was submersed
in equal parts ofBuehler solutions A and B and kept between 70 and 85°C for several
hours. This treatment resulted in a several Ilm thick layer ofnickel on the weld metal
surface. All the samples (cross-sectional and planar, with and without flux) were then
sectioned using an abrasive cut-off wheel and mounted in epoxy. The cross-sectional
samples were ground and polished to a lllm finish; the planar samples to a O.3llm finish.
Both were then polished with a standard silicon dioxide polishing solution. Samples
were etched electrolytically using a 60-40 nitric acid-water solution, although analysis
was done on the unetched samples as well.
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Transmission electron microscope (TEM) replica samples were also made of the
cross-sectional samples made with flux. Lightly etched samples were immediately
carbon coated, and then a grid of small squares was scribed on the weld metal using a
razor blade. Samples were again electrolytically etched in 60-40 until the carbon films
lifted off. These films were caught on filter paper (because the copper grids reacted in
the 60..:40 solution) and placed into methanol. These films were then caught on a copper
grid and allowed to air dry. Samples were then viewed in the TEM and those films that
had removed particles from the weld metal were analyzed.
Samples used for chemical analysis were taken from welds that were run for
weldability tests (at 150 amps), but that were not used for reasons other than weld
quality. To ensure that only the weld metal composition was analyzed, the weld metal
was removed from the base metal. Welds were sectioned to approximately 1" (2.5 cm)
long samples, then ground to 120 grit on the machined surfaces. Some weld surfaces
were left as welded, others were ground to 120 grit. Samples were then electrolytically
etched in 60-40 nitric acid-water solution so that the weld metal could be distinguished
from the base metal. Samples were then sectioned along each side of the weld using a
Struers high-speed diamond saw with a 356 CA blade. The cut-out piece was then
ground on 120-grit silicon carbide paper until only weld metal remained, as verified by
further etching. The samples were then ultrasonically cleaned in ethanol and sent out for
chemical analysis.
The base metal sent out for chemical analysis was ground using a handheld grinder
with an 80-grit rotating wheel until the as-received surface was removed, then sectioned
using a band ~aw and cleaned ultrasonically. To analyze the base metal using
94
microscopy, the base metal on either side ofthe weld metal was used. The flux powder
to be sent mit required no preparation, however, the flux analyzed using microscopy was
prepared in two different ways. First, flux powder was mixed with epoxy, mounted, then
ground and polished to a 1 J-lm finish. Secondly, flux powders were stuck onto carbon
tape on a scanning electron microscope (SEM) stem. Both samples were used for
analysis.
Images of the entire cross-sectional and planar welds were taken using an
Olympus stereoscope with a CCD camera. Regions within the welds, as well as the base
metal and flux powder, were imaged using a Reichert-lung light optical microscope
(LOM). A JEOL 6300 SEM was used for imaging small features and, in conjunction
with a Oxford energy dispersive spectroscopy (EDS) system, for performing
compositional analysis. A JEOL 733 microprobe was also used for compositional
analysis through EDS, wave dispersive spectroscopy (WDS), and x-ray mapping
techniques. A JEOL 2010 IEM was used to image the particles on the replica samples
and, in conjunction with an EDS and electron energy loss spectroscopy (EELS) system,
for performing compositional analysis. Overall compositional analysis of the entire
welds was performed using wet chemical analysis and atomic emission spectra. These
procedures were done at Laboratory Testing, Inc., Hatfield, PA.
5.3 Results and Discussion
5.3.1 Grain structure and Substructure
A representative three-dimensional microstructure of each type of weld can be
seen when the cross-sectional and planar samples are viewed together. The etched cross- .
sectional and planar samples made at 150 amps for the weld made without flux can be
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seen in Figure 5-1 and Figure 5-2, respectively. The planar sample contains cracks due to
theweldability test, which will be explained in the next section. The substructure of the
weld can be seen in the micrographs to consist of cells and dendrites. The substructure
follows the fusion line (which moves during the welding process as the torch moves),
growing perpendicular to the fusion line because it is the path ofhighest heat flow. This
can be seen in Figure 5-1 since the past weld pool fusion lines can be seen faintly. In
Figure 5-1 (b), the columnar substructure can be seen to grow upwards from the bottom
of the weld where the fusion line is almost parallel to the bottom of the sample. As the
fusion line curves, the substructure follows the gradual curvature of the weld pool (Figure
5-1(c)). Mid-width, from the surface down to mid-depth, the weld metal has a uniform-
shaped substructure (Figure 5-1(d)). This substructure can be explained by looking at the
planar sample. In the planar view (Figure 5-2 (a)), the columnar substructure in the center
of the weld (Figure 5-2 (b)) can be seen to grow almost parallel to the edges of the weld,
with the length of the columnar shape in the plane of the weld surface. Therefore, these
dendrites are growing perpendicular to the plane of the cross-section and only the tips can
be seen in the cross-sectional view. This results in a uniformly shaped appearance. The
planar sample also demonstrates how the columnar substructure on the edges of the weld
(Figure 5-2 (c)) follows the curvature ofthe past weld pool fusion lines, with grains more
perpendicular to the lines growing preferentially. The etched cross-sectional and planar
samples for the weld made at 150 amps with flux can be seen in Figure 5-3 and Figure
5-4, respectively. The planar sample again contains cracks due to the weldability test.
The substructure is also cells and dendrites and also follows the fusion line, although the
fusion lines are more complex due to the weld shape. In Figure 5-3 (a), the columnar
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substructure can be seen growing perpendicular to the initial gradual slope near the
surface ofthe weld (Figure 5-3 (b». Therefore, the substructure is growing towards the
surface of the weld. As the weld deepens, the edges of the weld are growing almost
parallel to the edge of the sample, and the substructure grows almost horizontal towards
the center of the weld (Figure 5-3 (c». Therefore, a centerline can be seen to exist in this
weld. Similar to that of the weld made without flux, the center of the weld, near the
surface and almost to the bottom of the weld, contains a uniformly shaped substructure
(Figure 5-3 (d». Again, looking at the planar sample establishes that these are not
equiaxed dendrites. The planar view (Figure 5-4 (a» shows that in the very center of the
weld, the columnar substructure grows perpendicular to the plane of the cross-section
(Figure 5-4 (b». Therefore, again only the tips of the dendrites are seen in the cross-
sectional view. With the exception of the very center, the planar sample of this weld is
very different from that of the weld made without flux. Rather than the columnar
substructure following the weld pool fusion lines, the planar sample of the weld made
with flux consists of clusters of a dog-bone shaped substructure (Figure 5-4 (c». Looking
again at the cross-sectional view, it can be seen that the substructure near the surface of
the weld grows upwards towards the surface, due to the initial shape of the weld.
Therefore, the dog-bone shape is probably the dendrites, the length of them seen in the
cross-sectional view, intersecting the plane of the surface of the weld at an angle.
The difference in the substructure growth between the welds made with and
without flux occurs because of the difference in weld pool shape. Since the substructure
grows perpendicular to the fusion lines, which determine the weld pool shape, it makes
sense that this would cause a significant difference in substructure growth direction. It is
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unclear whether this difference in the growth of the substructure will have an effect on
properties of the welds.
5.3.2 Presence of second phases and/or inclusions
The etched microstructures of the cross-sectional samples seen in Figure 5-1 and
Figure 5-3 can be seen at higher magnification in Figure 5-5. White or clear phases with a
dark rim can be seen in welds made both with and without flux. Some of the phases are
spherical, while others are oblong. These phases are assumed to be sigma, a high
molybdenum phase common in high molybdenum stainless steels like AL-6XN. Also
seen in the microstructure of the weld made with flux (Figure 5-5 (b)) are many black,
spherical spots believed to be particles. No such particles are seen in the welds made
without flux. These particles can be seen much better in the as-polished state. Figure 5-6
(a)-(d) shows the as-polished microstructures of the afore-mentioned cross-sectional
samples, both with and without flux, at two different magnifications. Figure 5-6 (a) & (b)
show that the welds made with flux have a large number of these spherical, black
particles scattered throughout the weld metal. They are distributed evenly throughout the
weld metal and trail off right at the fusion line. The welds made without flux (Figure 5-6
(c) & (d)) are seen to have only a very small amount of similar particles throughout the
weld metal. This difference between welds made with and without flux occurs in the
planar samples of the welds as well. In addition, the base metal contains barely any of
these type particles, as shown in Figure 5-7. It seems apparent that the flux is the cause of
the substantial increase in the number of these key particles, as they will be referred to
throughout this discussion.
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Although these black spots were thought to be particles, and are therefore called
particles for simplicity sake, it was unclear at the start of this research whether the black
spots were particles or holes. It was hypothesized that if they were particles, they would
be oxides since the flux is composed of oxides. They did not, however, appear
transparent as an oxide ,normally does. Namarski technique on the LOM was used to
attempt to distinguish whether the features were above or below the surface, but the
results were inconclusive.
The samples were then put onto the SEM for higher magnification analysis. Due
to the nature of these particles, they were difficult to find in the SEM. The contrast
needed to be very high, resulting in a significant amount of noise in the image. Since the
welds made without flux had so few particles, it made it very difficult to locate them. It
was decided that these particles were of a negligible amount and were also likely to be
the same particles as those in the welds made with flux. Therefore, further particle
analysis only focused on the welds made with flux. SEM micrographs of the key
particles at different magnifications are shown in Figure 5-8. It can be seen that the
particles are indeed spherical and are approximately 300 nm. It can also be seen that the
particles do not have very distinct edges, but are instead blurry. Usually both particles
and holes have distinct edges; however, both can be blurry due to either a height or depth
gradient, respectively.
EDS analysis was then done on these particle regions. Due to the relatively small
size of the particles compared to the size of the beam, the surrounding weld metal also
contributed to the spectrum. Therefore, a spectrum of the weld metal (without particles)
was taken as a comparison. These results will be discussed in the compositional analysis
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section; however, it will be noted here that the spectrums taken in the particle regions
were different than those taken in the weld metal. It has been suggested that the particles
are so small that their contribution to the spectrum should be negligible. It is also
possible when analyzing the matrix region that a particle lies below the surface and is
being analyzed as well. However, the fact that the EDS analysis identified elements in
the particle regions that were not found in the matrix may signify a particle.
Several other techniques were also used in determining whether the spots were
particles or holes. A stereo image from SEM images was attempted in order to
distinguish whether the feature was above or below the surface; however, the blurry
edges made it too difficult. The sample was also etched in small increments of time and
viewed between each etch. The size of the spots were seen to change with only a small
difference in etching time- with some spots getting larger, others smaller, some
disappearing, and new ones appearing. This phenomenon could occur both with particles
and with holes, however.
Finally, TEM replicas were prepared to attempt to pull particles out of the sample.
The replicas did indeed pull out many particles, the majority of which were bla.ck,
spherical, and approximately 300 nm. A representative micrograph can be seen in Figure
5-9. These particles were assumed to be the same particles because of their appearance
and distribution. Therefore, it was finally determined that the black spots were indeed
particles. The next step was identification of the particles, which will be discussed in the
compositional analysis section.
Another interesting note about these particles is that they are affected by welding
parameters. Figure 5-10 and Figure 5-11 show the cross-sections of the welds made with
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flux at 100 amps and 200 amps, respectively. It is obvious that the particles in the weld
made at the higher current are much larger, but are distributed farther apart due to the
decrease in overall number ofparticles. This effect of current can be explained by the
difference in heat inputs. The sample made at the lower current has a lower heat input,
and therefore, a faster cooling rate than the sample made at the higher current. The
particles will start to form (nucleate) at some transition temperature, T, but the rate of
nucleation will continue to increase as the temperature decreases further below T. Since
nucleation and growth are competing processes, the growth rate will be higher at higher
temperatures (still below T). Since the sample at the lower current will decrease in
temperature more quickly, it will reach temperatures with high nucleation rates faster
than the weld made at higher current. Therefore, the nucleation rate in the weld made at
the lower current will be higher and more particles will form. The weld made at the
higher current will have a lower nucleation rate; however, because it stays at higher
temperatures longer, growth rate will be higher for this weld than the weld made at lower
current. Therefore, although the weld made with higher current will contain fewer
particles, these particles will be larger. This explanation agrees with the welds shown in
Figure 5-10 and Figure 5-11.
The key particles described above were not the only particles found in the welds
made with flux, although they were the most widespread. Several larger (~1 /lm),
spherical black particles were also discovered using the SEM. They may also have
occurred in the welds made without flux, but these welds were not analyzed much on the
SEM, as previously discussed. These larger particles were seen to have a distinct edge
and appeared transparent, as an oxide would. Some of these larger particles also had
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adjacent shadows, proving that they were definitely particles sitting on the surface. The
TEM replica also contained at least one particle of this size that was also black and
spherical, which may be the same type of particle (Figure 5-12). Compositional analysis
was done on these particles as well.
Lastly, the TEM replica found two other types ofparticles. One particle was
abnormally shaped, as can be seen in Figure 5-13. It appears to be two particles stuck
together and there seems to be some structure in the particles. This was the only type of
particle found like this on the film. Another pair ofparticles was found right next to one
another, but nowhere else on the film. These particles were oblong and appeared very
different from the previously mentioned particles. Compositional analysis was done on
both types ofparticles, but their low occurrence suggests that they are fairly unimportant.
5.3.3 Compositional Analysis
5.3.3.1 Particles
Compositional analysis of the particles was done on the cross-sectional samples
made with flux due to the large number ofparticles in these samples. These were the
same samples that had the slag preserved on the surface. The slag was analyzed for two
reasons: 1) to determine what elements ended up in the slag, and therefore, not in the
weld metal, and 2) to determine if constituents of the slag were in particle form, maybe
similar to that of the particles in the weld metal. The slag was similar on all the welds,
appearing as conglomerates ofphases, with several located adjacent to both sides of the
fusion line. A representative conglomerate can be seen in Figure 5-14. EDS was
performed at 10 kV on the different regions of the slag - the overall "matrix" phase
consisting of a grain-like structure, a black, spherical phase within the matrix phase,
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black regions between the matrix "grains", and the white phase (particles). The EDS
spectrums for each region contained Ti, Cr, Si, and 0, as expected from the flux
composition, although the amount of each element varied depending on the particular
region of the slag. A representative spectrum can be seen in Figure 5-15. One spectrum
also contained a small peak of S. One problem that occurs with EDS is that the Cr L-
peak and the °K- peak overlap and cannot be distinguished from one another. Since the
flux includes both Cr and 0, the only way to determine ifO exists is if the Cr/O peak is
much higher than the Cr K-peak (as in Figure 5-15), since the L-peak should be lower
than the K-peak for all elements. Although it seems that the Cr/O peak should be higher
since 0 should be the element with the highest concentration, 0 is a very light element
and is therefore detected less than the other, heavier elements. From the results, it can be
assumed that the slag consists of the phases initially in the flux powder- TiO, CrZ03, and
SiOz. Therefore, it does not appear that the flux elements combined with other elements
from the weld metal.
In order to determine the composition of the particles, the weld metal surrounding
the particles must be analyzed for comparison. EDS analysis of the weld metal (without
particles) was taken over a relatively large area in order to get an average composition
between the core and interdendritic regions. Although it produced low counts, 10kV was
used because this was the voltage to be used for the analysis of the particles. The
spectrum of the matrix (Figure 5-16) can be seen to contain Fe, Ni, Cr, and Mo. This
result is expected since those elements are the four largest constituents in AL-6XN.
When a higher kV was used (see next section), Si was also found in the matrix.
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Several different particles were analyzed using lOkV to minimize the interaction
volume. The small, spherical particles distributed throughout the weld metal (the key
particles) were the main focus of the analysis. A representative SEM EDS spectrum of
these particles can be seen in Figure 5-17. The elements found (in decreasing content)
were AI, Cr, Ti, Mol S, Ni, Fe, and O. The Mo L-peak and the S K-peak cannot be
differentiated unless a high enough kV (too high for the SEM and microprobe) is used to
excite the Mo K- peak. The Cr, Ni, Fe, and Mo are probably picked up from the matrix
material around the particle. It was previously discussed how the particles are so small
that they may not affect the EDS spectrum. It can be seen, however, that AI, Ti, and 0
appear in the spectrum for the particles, but not for the matrix. Therefore, it can be
assumed that these elements are either in the particle or in the regions adjacent to the
particles. Both the Ti and the 0 are probably a result of the flux; the AI, however, was
considered a contaminant since the composition ranges for AL-6XN (Table 2-3) do not
contain AI. Since the key particles were thought to be oxides, the WDS and x-ray
mapping systems on the microprobe were used to better identify oxygen. The particles,
however, could not be seen on the microprobe due to the nature of the particles and the
lower resolution of the microscope due to the tungsten filament. An x-ray map was still
attempted at a location within the weld since the distribution assured that particles would
be there, but the map did not pick up oxygen anywhere in the area chosen. Using the
replica sample on the TEM at 200 kV, both EDS and EELS were performed on several of
the particles thought to be the same key particles. A representative EDS spectrum can be
seen in Figure 5-18 to contain high levels of Cu and S, as well as lower levels of C, Fe,
Mn, AI, Si, and O. The S could be distinguished from Mo because the high kV would
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have excited a Mo K-peak, which it did not. It was thought that the Cu could be from the
Cu grid, the C and 0 from the carbon film, and the Si from the detector. Therefore, EDS
was. performed on just the grid and film, with no particles on it. The EDS came up with
approximately 1000 counts of C, 100 counts of0, 45 counts of Si, and 40 counts of Cu.
Comparing these values to those seen in Figure 5-18, it can be determined that there was
still a high level of Cu in the particles, as well as some 0 and Si, but no C. Many of the
same size and shaped particles were found to have almost identical EDS spectrums.
EELS analysis was also performed and a Cu peak identified, as shown in Figure ,5-19.
The Cu peak agrees with that of the published EELS data for Cu (Figure 5-20).
Therefore, it appears that these particles are primarily copper sulfides. The other
elements found in the TEM EDS spectrum may be other phases that form. It is common
for a particle or phase to form on another particle because of the high-energy state.
Therefore, maybe Ah03, Si02, or some FelMn phase (discussed later) formed near the
copper sulfide particles.
The TEM replica results can be seen to agree quite well with those of the SEM
EDS results, when looked at closely. The Cu peak would not have shown up on the SEM
EDS spectrum because the kV was not high enough. The S could not be picked up due to
the overlap with Mo, which is in the matrix; likewise, the Mn could not be picked up due
to the overlap with the Cr K~-peak, also in the matrix. It was also difficult to see the 0
content using the SEM because of the overlap with the Cr peak. Therefore, the particles
could be primarily copper sulfides, with other phases attached, and still produce the SEM
EDS spectrum seen in Figure 5-17.
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The determination that the particles appeared to be copper sulfides was an
unexpected result. The copper sulfur phase diagram does show, however, that copper
sulfides do exist, usually in the ratio of 1.75-2 copper atoms per 1 sulfur atom or merely
as CuS. Although S is a fairly low atomic number, which should make the particles
appear dark in the microscope due to atomic number contrast, it was uncertain whether
these particles would be as black as they were seen to be.
lt is also unclear why these particles would form so readily in the welds made
with flux. Although AL-6XN may contain some Cu and S, the particles should not be a
result of the base metal composition since the welds made without flux'do not have
nearly as many of these particles. Therefore, it must be the flux itself or the process used
for the welds made with flux that causes the increase in these particles. However, the
flux powder is not reported to contain either Cu or S, and the process used for the welds
made with flux was almost identical to that of the welds made without flux with the
exception of the flux/acetone mixture application.
In order to resolve this issue, both the AL-6XN base metal and the flux powder
were analyzed to determine their actual compositions. The flux powders can be seen in
Figure 5-21, mounted in epoxy and imaged in the LOM, and in Figure 5-22, adhered to
carbon tape and imaged in the SEM. The EDS spectrum of the flux powder adhered to
the tape and taken at 15 kV can be seen in Figure 5-23. The spectrum contains the
elements Cr, Ti, Si, and 0, as expected. The flux powder was also sent out for chemical
analysis, and the base metal for atomic emission spectrum analysis. These results can be
seen in Table 5-1. The AL-6XN contains some Cu, but only a very small amount of S.
The flux also contains Cu, although in a relatively small amount. The flux, however,
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also contains a fairly high amount of S, approaching the maximum allowable amount in
stainless steels because of its detrimental effects. Therefore, the flux contains elements
not described in the patent or the materials safety data sheet (MSDS), in particular, a
large amount of sulfur. Sulfur is a SAE in stainless steel, and could therefore improve the
effect of the flux on penetration, although the oxygen content may be high enough so that
the sulfur effect is negligible. This relatively large amount of sulfur, however, probably
results in the copper sulfides seen in the welds made with flux. Due to the low amount of
sulfur in the base metal, the welds made without flux would only contain very few of
these particles. The welds made with flux, however, have enough sulfur to combine with
the copper in the base metal and create many particles. This explanation agrees with the
experimental results. Therefore, the identification of the particles as copper sulfides
seems reasonable.
The copper sulfur phase diagram suggests that the sulfide particles have a lower
melting temperature than the austenitic weld metal, although the binary phase diagram is
only an approximation due to the numerous other elements present in the weld metal.
The sulfur should be rejected by the solidifying austenite; however, copper is an austenite
stabilizer and should be soluble in the austenite phase. Due to the melting point of
copper sulfides, these particles may be the last solid to form. This would suggest that the
particles would lie in the interdendritic regions since this is where the last liquid should
exist. The sulfide particles seen in the microstructure of the welds in this research,
however, are not found only in the interdendritic regions. Instead, the copper sulfides are
dispersed throughout the material, both in the dendrite core and interdendritic regions,
with no discemable pattern. This random dispersion suggests a solid state, or
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precipitation, reaction rather than a phase fonned during solidification. Although it is
possible with the melting temperature approximation that the sulfides do fonn during
solidification, a precipitation reaction is also possible. More research needs to be
conducted to fully detennine how the particles fonn.
Compositional analysis was also done on the other particles found in the welds
made with flux. The larger, black particles were analyzed using EDS on the SEM at
lOkV. The size of these particles is comparable to that of the interaction volume of the
beam at low kV; therefore, the spectrum should accurately represent the elements in the
particles. A representative spectrum can be seen in Figure 5-24 to contain Mg, AI, 0, Cr,
and Ti. Again, the 0, Cr, and Ti were assumed to come from the flux, while the Mg and
Al were considered contaminants. The fact that the Fe and Ni from the matrix were not
contained in the spectrum suggests that the particle was the majority of the interaction
volume, as hypothesized. Mg, AI, and Ti all have a strong affinity for oxygen and fonn
fairly stable oxides. Cr, while fonning a less thennodynamically stable oxide than the
aforementioned elements, has a high activity due to its high content in the base metal.
These particles may, therefore, be oxides, as previously suggested due to the nature of the
particles.
Several of these larger particles were also analyzed on the microprobe. Two
different types ofEDS spectrums resulted, as shown in Figure 5-25 (a) & (b). The first
spectrum can be seen to contain the matrix elements, Fe, Ni, Cr, Mo/S, as well as Ca, AI,
Mg, Ti, and Si. This spectrum is similar to that from the SEM, with the addition of Ca
and Si. Ca, similar to Mg and AI, was considered a contaminant and has a high affinity
for 0. Si may be from either the matrix or the flux. The second spectrum contains the
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same matrix elements and either only a little Al and Mg or none at all. The particles that
were represented by the second spectrum were seen to be sitting on the surface of the
sample, as evidenced by the adjacent shadows. Using the WDS system, it was
discovered that these large particles also contained oxygen. An x-ray map performed in a
region containing one particle (Figure 5-26) verifies that this particle is indeed an oxide.
The similar sized particle found in the TEM replica was also analyzed. The EDS
spectrum can be seen in Figure 5-27 to contain Cu, S, and 0, as well as AI, Si, Mn, Ti,
and Fe. EELS could not be performed on this particle due to its thickness. Therefore, it
appears that this particle was again a copper sulfide with other phases, including oxides,
attached. It is possible that the spectrum in Figure 5-25 (b) was a copper sulfide since
only the matrix elements showed up. This would make sense since the Cu would not be
seen at the low kV and the S would overlap with the Mo peak.
Chemical analysis was also done on the welds made with flux, as well as the
welds made without flux and the base metal for comparison. These results can be seen in
Table 5-2. The amount of oxygen is shown to increase quite substantially in the welds
made with flux, probably due to the oxides in the flux powder. It is unclear, however,
whether this oxygen is in the form of oxides or in solution. The amount of Ti is also seen
to increase due to the flux. The Si content, however, stays the same, suggesting that all
the Si in the flux ends up in the slag. A fairly large amount ofAl was found in the AL-
6XN base metal. This result was unexpected, but explains the presence of Al in the EDS
spectrums. The welds had very similar amounts ofAl compared to the base metal;
however, the Al in the welds made with flux may form oxides due to the increase in
oxygen in these welds and the high affinity of Al for O. It appears that there is no Mg in
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the weld metal or base metal; however, maybe such a small amount could not be
detected.
It is clear that at least some of the large particles are a similar composition to that
of the smaller particles- copper sulfides with other phases, including oxides, attached.
There may also be some independent oxides, especially those that appeared transparent in
the microscopes. The oxides, either independent or attached, are probably Ca and Mg
oxides (in very small amounts since Ca and Mg are contaminants), Ah03 and TiO or
TiOz,and possibly SiOzor CrZ03 phases as well.
The other particles found in the TEM replica were also compositionally analyzed.
The EDS spectrum of the abnormally shaped particle (Figure 5-13) can be seen in Figure
5-28 to contain only Ti and O. The EELS analysis (Figure 5-29) compared to the
published data (Figure 5-30) shows that this particle is probably TiOz. Due to the nature
of the particle, it is possible that this was merely two flux powders fused together that did
not dissociate and that were trapped in the weld metal. The other pair ofparticles was
seen to contain Fe and Mn as the primary elements in the EDS spectrum. Therefore, they
were assumed to be some phase ofFe and Mn. These particles were assumed to be
insignificant due to their small amount.
5.3.3.2 General Composition
The actual composition of the base metal used for this research was not known,
only the typical and range of compositions for AL-6XN. Therefore, a sample ofbase
metal was sent out for chemical analysis, in particular, atomic emission spectroscopy
(AES). This method only analyzes the composition from the surface (few nm in depth);
however, it is the most feasible method when many elements are to be tested for. The
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results of the analysis can be seen in Table 5-3. The values for the five elements
previously analyzed using wet chemical analysis were found to differ, with the exception
of Si. The amount of Al was found to be lower, which may suggest that the Al content is
not as high on the surface, or which may just be a result of differences in composition
between different test regions. Both Mg and Ti were found to exist in small amounts
opposed to the undetectable content determined in the wet chemical analysis. The
existence ofMg would explain why a Mg peak appears in the SEM and probe EDS
spectrum for the large particles. Unexpectedly, the Ti content, as well as the oxygen
content, found in the AL-6XN using AES is higher than the amount found for welds
made with flux using wet chemical analysis. Since the test only analyzes a few places on
the surface, however, it may not be representative of the entire sample. These results
may also be due to an error in the test, since it is thought that AES has an increases error
for elements present in small amounts, particularly light elements, such as 0. It is also
possible that some°is present on the surface of the base metal due to oxidation. The
previous analysis using the wet chemical results, therefore, is still considered accurate. It
was also found in the results that a small amount of Ca was present in the base metal,
which would explain the peak found on the EDS spectrum for the large particles.
Although the results from AES probably contain some error, the test identifies the
elements present in the base metal, and may explain weld metal compositions.
The complete results of the wet chemical analysis for the flux powder can be seen
in Table 5-4. The flux contains the elements expected- Ti, Cr, Si, and 0, as well as the
previously mentioned Cu and S. These values (in wt%) were converted to atomic percent
(at %) under the assumption that these were the only six elements in the flux. The six
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elements, however, only add up to less than 94 wt% so other elements may exist as well.
Therefore, values the at % values are not completely accurate, but provide a good
approximation. These at% values, as well as the amount of 0 that would combine with
the other elements to form the oxides reportedly in the flux (and the free oxygen left
over), can be seen in the table also. The large amount of free oxygen left suggests that
either another oxide was present in the flux powder, or that some of the Ti was combined
with 0 in the form ofTiOz. The amount of each element suggests that the actual
percentage of each oxide in the flux agrees well with the reported values of 50% TiO,
40% CrZ03, and 10% SiOz(REF patent).
The composition of the weld metal, specifically the core and interdendritic
regions, was analyzed for the weld made at 150 amps with flux. The representative EDS
spectrum, taken at 15kV on the SEM, for the two regions in the weld can be seen in
Figure 5-31. Both the light and dark regions of the weld contain Fe, Cr, Ni, Mo, and Si;
however, the lighter regions contain higher amounts ofCr, Mo, and Si. Cr and Mo are
both ferrite stabilizers, while Si often forms a low melting constituent. These elements
would be more likely found in the interdendritic regions; therefore, the light region is
probably the interdendritic region and the darker region the core of the dendrites.
Although the interdendritic region is richer in ferrite stabilizers because the austenite
phase rejects these elements as it solidifies, the interdendritic regions do not get rich "-
enough in these elements' to form ferrite. This is due to the carefully chosen composition
of a superaustenitic to ensure that it resolidifies (i.e., during welding) as all austenite.
The composition of the core and interdendritic regions was not analyzed for the
welds made without flux because it was determined that EDS would reveal minimal
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information for comparison of the two types of welds. The flux would only cause a small
difference in composition and these small differences would not be detectable in the EDS
spectrum due to inherent statistical variation. For example, a small decrease in Cr
compared to the welds made with flux would not be seen in relation to the large Cr peak.
The 0 decrease would not be seen because of the overlapping of the 0 peak with the Cr
peak. There should be no silicon difference since it was determined through chemical
analysis that the Si content was the same between welds made with and without flux.
Lastly, Ti should not show up at all in the welds made without flux (as seen through
chemical analysis) and this result would only confirm information that we already know.
Therefore, the effect of the flux on the composition of the welds will be defined by the
differences already found in chemical analysis.
Ofparticular importance to the composition of the welds is the oxygen content,
since this is the SAE responsible for the effectiveness of the flux. The amount of oxygen
in the base metal and each type ofweld was seen previously. This chemical analysis was
performed on welds that were ground flush with the surrounding base metal to ensure that
the slag and oxides were removed from the surface of the welds. Chemical analysis was
also done on each type ofweld leaving the surface, with slag and oxide, untouched,
although some flaking off may have occurred in transit. The results of this analysis,
along with the results from the ground welds, can be seen in Table 5-5. The increase in
oxygen on the surface of the weld made with flux was expected since the slag consists of
mostly oxides. The 7x increase in oxygen content when the surface of the weld made
without flux was included in chemical analysis, however, was unexpected. It seems a
large increase to attribute to the oxides seen on the surface of the weld, however, it is the
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best explanation. The oxide forming on the surface may consist of several oxides. There
may be a small amount ofMgO and CaO, since these oxides are thermodynamica11y
stable, and both Mg and Ca were found in small amounts in the base metal. Also, the
amount ofMg found was higher when only the surface was analyzed. Some Ab03 may
also form on the surface, although the amount of Al in the base metal and the ground
weld metal were found to be almost identical (within error); therefore, most of the
possible Al was present in the weld when the surface was removed and could not be at
the surface then. Much of the oxide is probably CrZ03, although the Cr content was not
analyzed in the weld metal, with or without the surface removed. Despite the low
thermodynamic stability ofthis oxide, the large amount ofCr in the weld increases the
activity and therefore, allows this oxide to form readily. The oxide would not form,
however, until solidification of the weld started to occur because at the melting point of
stainless steel, CrZ03 would be dissociated, and free Cr and 0 would exist in the liquid
weld pool. This free 0 should be on the surface of the weld pool, but must not have been
above the critical composition to cause reversal of Marangoni flow since the shape of the
weld is that ofnormal, non-reversed flow. Therefore, the critical weld metal oxygen
content for AL-6XN could be said to be greater than 0.035 wt% O. However, this is not
exact since it is unclear how much of the oxides on the surface dissociate to create free O.
The critical base metal content for 304 stainless steel is the only reported critical 0
values in the literature. Hsieh (REF) reported that at 0.007 wt% 0 in the base metal, no
reversal of flow occurred, but at 0.012 wt%, reversal did occur. Hsieh considered the
base metal as the only contributor to 0 content, ignoring the contribution of air, which
can be assumed to contribute in most welds, although the extent of contribution depends
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on the shielding gas apparatus. Using only the base metal 0 content for AL-6XN (0.005
wt%), the results ofthis study agree with those ofHsieh's since this contentis below his
reported critical value, assuming AL-6XN and 304 have the same critical values.
Another critical value reported by Hsieh was the soluble 0 content in the base metal
since this would be the only oxygen to actually contribute to the reversal effect. His
study only considered the effect of Al on the soluble 0 content, using the equation 0 501 =
Ototal - 0.89 AI, again using Ototal as the base metal content and admitting that the
coefficient for Al has a large uncertainty. Due to the high Al content in the heat of AL-
6XN used in this research, the 0 501would be equal to'zero and therefore agree with
Hsieh's critical value.
For the welds made with flux, it can be seen that both the ground surface and as-
welded surface composition values for 0 content were higher than those for welds made
without flux, as was expected. The value for the 0 content for the as-welded surface
includes the slag 0 content, which is in the form of oxides of Si, Cr, and Ti. As
discussed in Section 2, both the Cr and Si oxides should dissociate at the weld pool
temperatures; however, the TiO (the largest constituent of the flux) mayor may not,
depending on the actual temperature of the pool. Therefore, not all the oxygen in the slag
may have been free 0 and contributing to the effect on flow, although some definitely
was since reversed flow did occur. To say, therefore, that the critical 0 content for the
weld metal is less than 0.079 wt% is only true for this particular flux. Hsieh's method of
only taking into account the base metal 0 content will not work for the welds made with
flux since the flux is definitely a contributing factor in the weld metal oxygen content. It
can be assumed that the actual oxygen content contributing to the weld pool flow (i.e., the
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free oxygen) is greater than the ground surface content and probably less than or equal to
that of the as-welded surface content. The ground surface composition still does not
account for the air contribution, but does account for the base metal content and at least
some of the flux content. Therefore, it is similar to Hsieh's method but adapted for the
flux effect. This minimum, interior composition (0.013 wt%) is above the critical
reported value by Hsieh and therefore agrees with his results, even without accounting for
the additional flux effect that can be assumed to occur. When using the ground surface
content with the Al content, however, the calculated 0 501is zero and therefore below the
critical reported 0 501 value. Using the maximum, as-welded surface value of 0 content,
however, results in 0 501being greater than the critical 0 501 value. Therefore, it can be .
assumed that enough free 0 is being contributed from the flux to reach the critical value
despite the high Al content in the weld and/or the critical value for AL-6XN is different
than that for 304 stainless steel. For this particular base metal and flux under these
welding conditions, it can be reported that the critical weld metal 0 content for reversed
Marangoni flow is between 0.035 wt% and 0.079 wt%.
5.4 Summary
The differences in the microstructures of the welds made with and without flux
have been analyzed thoroughly in this section. All three subsections discovered
differences between the two different types ofwelds.
It was determined that the difference in the shape of the weld pool (discussed in
Section 4) resulted in the different substructure growth directions between the two types
of welds. Welds made without flux had substructure that followed the gradual curvature
of the weld po~l and that appeared columnar on the surface, except for mid-width when
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the tops of the dendrites were seen in the cross-sectional view. Welds made with flux
had substructure that grew almost horizontal at locations deep below the surface,
resulting in a weld centerline and that appeared dog-boned shaped in the planar view due
to the dendrites growing up towards the surface at an angle.
Interestingly, the flux was found to have a profound effect on the presence of
inclusions. The key inclusions, or particles, were heavily dispersed throughout the weld
metal of the welds made with flux. Welds made without flux were seen to have only very
few of similar type particles, while the base metal was found to have barely any. The
particles were found to be black, spherical, approximately 300 nm in diameter, and with a
very non-distinct edge. The amount and distribution of the particles in the welds made
with flux were also seen to depend on the current used to make the weld, due to the effect
ofheat input on cooling rate and hence nucleation and growth rates. Larger (1 urn),
black, spherical particles were also found, along with two other types of particles. A
second phase (assumed to be sigma) was found in both types of welds.
Compositional analysis determined that the key particles described above were
primarily copper sulfides with other elements· also existing in small amounts. These
particles occurred much more frequently in the welds made with flux due to the relatively
high sulfur content in the flux powder. The larger particles were found to be copper
sulfides with/and oxides ofAI, Mg, and Ca. The other two types ofparticles were found
to be TiOz(probably from the flux) and an iron manganese phase.
The welds made with flux were also found to contain higher amounts ofTi and 0,
presumably due to the flux, than welds made without flux. The silicon content, however,
was not altered due to the flux; therefore, the Si in the flux must end up in the slag. The
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slag was found to contain all of the oxides originally in the flux, although in different
amounts depending on the location within the conglomerates. The flux powder was
discovered to contain the reported elements, Ti, Cr, Si, and 0, as well as eu and S. The
base metal was found to contain the typical elements in AL-6XN, a relatively large
amount of AI, and small amounts ofmany other elements.
The oxygen content for the two different types of welds (with and without flux)
with different Marangoni flow agreed quite well with the critical oxygen values reported
by Hsieh for reversal of flow in 304 stainless steel when the calculations were adapted to
include the flux contribution. The critical weld metal°content to cause flow reversal for
the base metal, flux, and welding conditions used in this research was determined to be
between 0.035 wt% and 0.079 wt%.
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Table 5-1. Copper and sulfur contents in base metal and flux powder
Base Metal (wt%) Flux Powder (wt%)
eu 0.22 0.082
S 0.001 0.029
Table 5-2. Chemical analysis ofbase metal and both types of welds
Element Base Metal Weld- w/o flux Weld- wiflux
(wt%) (wt%) (wt%)
0 0.005 0.003 0.013
Ti <0.001 <0.001 0.006
Si 0.35 0.33 0.34
Al 0.065 0.062 0.60
Mg <0.001 <0.001 <0.001
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Table 5-3. Base metal composition (atomic emission spectrum)
Element Composition (wt %)
Al 0.024
C 0.20
Ca 0.0012
Co 0.17
Cr 21.00
Cu 0.22
Fe 46.48
Mg 0.0019
Mn 0.31
Mo 6.15
N 0.24
Nb 0.015
Ni 24.83
0 0.015
P 0.017
S 0.001
Si 0.33
Ti 0.007
V 0.082
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Table 5-4. Flux composition (wet chemical analysis)
Element Composition Calculated compo Amt. of 0 to form
(wt%) (at %) oxide in flux
Ti 34.16 21.4 21.4
Cr 23.14 13.36 20.04
Si 3.66 3.9 7.8
0 32.57 61J Free: 49.24
Cu 0.082 OJ -
S 0.029 OJ -
Table 5-5. Oxygen content in welds- ground and as-welded surface
Ground surface As-welded Surface
wlo flux 0.003 0.035
wi flux 0.01~ 0.079
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Figure 5-1. Cross-sectional view of weld made without flux
(a) Stereoscope image of entire weld, (b)-(d) LOM images of selected regions of weld
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Figure 5-2. Planar view ofweld made without flux
(a) Stereoscope image ofentire weld, (b)-(c) LOM images of selected regions ofweld
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Figure 5-2. Planar view of weld made without flux
(a) Stereoscope image of entire weld. (b)-(e) LOM images ofseleeted regions of weld
I T'~J
Figure 5-3. Cross-sectional view ofweld made without flux
(a) Stereoscope image ofentire weld, (b)-(d) LOM images ofselected regions ofweld
124
rINTENTIONAL SECOND EXPOSURE
200~m
200 llIl1
200 11m
Figure 5-3. Cross-sectional view of weld made without flux
(a) Stereoscope image of entire weld, (b)-(d) LOM images of selected regions of weld
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Figure 5-4. Planar view ofweld made without flux
(a)-stereoscope image ofentire weld, (b)-(c) LOM images ofselected regions ofweld
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Figure 5-4. Planar view of weld made without flux
(a)-stereoscope image of entire weld, (b)-(c) LOM images of selected regions of weld
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Figure 5-5. LOM images ofetched cross-sectional samples
(a)- without flux, (b) with flux
The black arrows correspond to the key particles; the red arrows correspond to the
second phase (sigma)
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Figure 5-5. LOM images of etched cross-sectional samples
(a)- without flux, (b) with flux
The black arrows correspond to the key particles; the red arrows correspond to the
second phase (sigma)
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Figure 5-6. LOM images of unetched cross-sectional samples at two magnifications
(a), (b)- with flux, (c), (d)- without flux
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Figure 5-7. LOM images of unetched base metal at two magnifications
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Figure 5-8. SEM image ofthe key particles
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Figure 5-9. TEM image ofrepresentative key particle
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Figure 5-8. SEM image of the key particles
200 nm
Figure 5-9. TEM image of representative key particle
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Figure 5-10. LOM image of unetched weld made with flux at 100 amps
at different magnifications
130
.'
Figure 5-11. LOM image ofunetched weld made with flux at 200 amps
at different magnifications
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Figure 5-12. TEM image oflarge particle
,.
I,.", "-'
-",-:','(;2PO.:'om.
Figure 5-13. TEM image ofabnormal shaped particle found in replica
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Figure 5-12. TEM image oflarge particle
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Figure 5-13. TEMimage of abnormal shaped particle found in replica
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Figure 5-14. SEM image ofrepresentative slag conglomerate
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Figure 5-15. Representative SEM EDS spectrum ofslag conglomerate
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Figure 5-14. SEM image of representative slag conglomerate
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Figure 5-15. Representative SEM EDS spectrum of slag conglomerate
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Figure 5-16. SEM EDS spectrum ofmatrix composition
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Figure 5-17. Representation SEM EDS spectrum ofthe key particles
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Figure 5-18. Representative TEM EDS spectrum ofthe key particles
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Figure 5-18. Representative TEM EDS spectrum of the key particles
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Figure 5-19. TEM EELS spectrum for the representative key particle in Figure 5-10
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Figure 5-20. Published EELS spectrum for copper
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Figure 5-21. LOM images ofmounted flux powder at different magnifications
137
Figure 5-22. SEM image ofloose flux powder stuck to carbon tape
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Figure 5-23. Representative SEM EDS spectrum offlux powder
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Figure 5-22. SEM image of loose flux powder stuck to carbon tape
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Figure 5-23. Representative SEM EDS spectrum of flux powder
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Figure 5-24. Representative SEM EDS spectrum oflarge particle
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Figure 5-25. Two representative microprobe EDS spectrums oflarge particles
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Figure 5-26. Microprobe backscatter image oflarge particle (a) and oxygen x-ray map (b)
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Figure 5-27. TEM EDS spectrum oflarge particle
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Figure 5-27. TEM EDS spectrum of large particle
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Figure 5-28. TEM EDS spectrum ofabnormally shaped particle
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Figure 5-28. TEM EDS spectrum of abnormally shaped particle
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Figure 5-29. TEM EELS spectrum ofabnormally shaped particle
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Figure 5-30. Published EELS data for Ti 02
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Figure 5-31. Representative SEM EDS spectrums ofcore (a) and interdendritic regions (b)
ofweld made with flux
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6 WELDABILlTY: SOLIDIFICATION CRACKING SUSCEPTIBILITY
6.1 Introduction
The first material property to be studied in this research is weldability, defined as
"the capacity of a material to be welded under the imposed fabrication conditions into a
specific, suitably designed structure and to perform satisfactorily in the intended service"
(REF-ASM handbook). The absence of defects, in particular cracks, is an important
component of weldability.
The most common defects found in welds made on stainless steels are solidification
cracks, or hot cracks. This study on weldability, therefore, will focus on the hot cracking
susceptibility ofboth types of welds. The susceptibility of the welds made with and
without flux will be compared, and any differences will attempt to be explained by the
differences in microstructure found in Section 5 between the two types of welds.
6.2 Experimental Procedure
Hot cracking susceptibility was evaluated using a longitudinal Varestraint test
(Figure 6-1). In this test,'one end of the unwelded sample was firmly mounted in a fixed
position, while the other end was attached to a hydraulic system. A die block of a certain
radius was attached to the apparatus adjacent to the fixed end of the sample. The weld
was performed on the top surface of the sample, along its longitudinal centerline,
beginning at the end attached to the hydraulics and moving towards the fixed end. When
the welding arc reached the intersection of the die block and the apparatus, the hydraulics
were triggered, and the sample was bent to conform to the radius of the die block. This
produced an augmented longitudinal strain on the welded surface of the sample equal to
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the thickness of the sample divided by two times the radius of the die block. By using die
blocks with different radii, different strain levels were produced on the surface. Due to
the location of the welding arc at the time ofbending, the liquid plus solid (L + S) region
ofthe weld (where hot cracking occurs) was located over the die block, and therefore, felt
the induced strain. Since both types of welds (with and without flux) were subjected to
the same strain when the same die block was used, any differences in hot cracking must
be a result of material differences.
The AL-6XN samples used for the tests were cut and milled to 6.5" xl" x 1/4"
(16.5 cm x 2.5 cm x 0.64 cm), which is a standard size for the particular apparatus used to
conduct the Varestraint tests. Holes were machined into the samples to attach the sample
to the apparatus. The milled finish was sufficient for welding, and therefore, the sample
did not require the surface preparation described in Section 3.
The current used for the welds was chosen based on the preliminary experiments
(Section 4). It was decided that the current should be chosen such that welds made with
and without flux would have similar geometry, thereby eliminating the geometry
contribution from the effect of the flux on weldability. Since hot cracks are induced on
the surface of the weld in the L + S region of the weld pool, the dimensions of this region
are ofprimary importance. The L + S region is controlled by the solidification
temperature range, which does not vary with flux, and the gradient, which will vary with
flux. lfthe weld pool size is kept the same, then the gradient should be the same, and the
size of the L + S region should be the same as well. It has been reported that if the travel
speed is kept constant, the gradient will depend only on the trailing length of the weld
bead. It was determined, therefore, that the weld bead trailing length should be kept
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similar for the two types ofwelds. It was seen in Figure 4-9 that both 50 amps and 150
amps produce similar trailing lengths for welds made with and without flux. The current
of 150 amps, however, had more samples measured to further verify this similarity,
produces larger welds that facilitate analysis, and is a more intermediate current.
Therefore, welds run for the Varestraint tests were produced at 150 amps using the
equipment described in Section 3.
Varestraint tests were run, in duplicate, at all eight strain levels possible for the
particular apparatus used. Welds were allowed to cool before further work was
performed. For the welds made with flux, the slag was removed using an automatic
rotating wire brush prior to analysis. The as-welded surfaces were viewed under an
Olympus stereomicroscope to locate hot cracks. The samples were imaged at a consistent
magnification and the cracks, if any, were measured using a QIA system. The total crack
length (TCL) was calculated by summing the lengths of the individual cracks. The
maximum crack length (MCL) was the longest crack measured. The data was compiled
and standard deviations were calculated. Additional samples were run at strain levels that
had a high standard deviation between the initial two runs, or that did not agree well with
surrounding data (other strain levels).
Samples from a high (7.1%) and low (2.1 %) strain level, both with and without
flux, were then sectioned using an abrasive cut-off wheel to remove the cracked portion
of the weld. The cracked portionswere then mounted in epoxy and ground to 600 grit,
removing as little material from the surface as possible. The samples were then placed in
a vibratory polisher with OJ j.lm Ah03 solution until sufficiently polished. The polished
surface was then further refined using a standard silicon dioxide polishing solution on a
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stationary nap cloth. Samples were electrolytically etched with a 60-40 nitric acid-water
solution. These planar samples were viewed on the stereomicroscope, both in the as-
polished and etched condition. Images were again taken and the cracks re-measured.
The MCL and TCL were determined, data was compiled, and standard deviations were
calculated when possible.
6.3 Results and Discussion
6.3.1 As-welded surface
The as-welded surfaces of the welds made with and without flux were previously
compared in Section 4. It was seen in the preliminary experiments that the removal of
the slag and oxide from the welds made with and without flux, respectively, did not affect
the underlying weld metal. For the Varestraint tests, the slag made it very difficult to see
the hot craeks and was therefore removed with a rotating wire brush. It was verified that
the removal of the slag did not affect the appearance or size of the hot cracks on the
surface of the welds made with flux. The oxides on the welds made without flux did not
interfere with crack measurement and were therefore not removed initially. Further into
testing, however, a few samples did have their oxide removed. These samples contained
many less cracks than expected, compared to other strain levels, and the welds were run
again. When the samples were analyzed without the oxide removed, the crack
measurements agreed well with the surrounding data. It was concluded, therefore, that
the removal ofthe oxide with the rotating wire brush did affect the hot cracking results
for the welds made without flux. It was hypothesized that the wire brush smeared the
metal enough to make the small cracks undetectable on the surface. Although the welds
made with flux did not appear to be affected by the wire brushing, the verification was
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only performed on large cracks. Smaller cracks were not analyzed before and after wire
brushing, and in fact, may not have been observed prior to the wire brushing due to the
slag. Therefore, wire brushing may prevent small cracks from being noticed; however, .
without the removal of the slag, small cracks would also be undetectable and errors in
crack measurements would increase as well. A possible alternative is polishing the
surface, as will be discussed in the next section.
It was also shown in Figure 4-9 that the surfaces of the welds made with and
without flux are very different, with the welds made with flux having a high surface
topography, or dimpled appearance. This surface topography varied from sample to
sample, even at the same welding parameters, although a considerable degree of
topography always occurred. The surface topography made it very difficult to locate the
ends of the hot cracks, therefore making accurate crack measurement difficult. This
difficulty also suggests that smaller cracks may not have been detected since they would
be indistinguishable from the surface topography. Using an as-polished surface may
alleviate this problem, as discussed in the next section.
The quantitative results of the hot cracking analysis on the as-welded surfaces can
be seen in Figure 6-2 and Figure 6-3. Although the analysis is somewhat subjective,
samples were measured several times, and as mentioned, duplicate samples for each
strain level were measured. It can be seen from the large error bars in the plots that a
large variability exists in hot cracking from sample to sample. Interestingly, when more
samples were run to attempt to improve this variability, the standard deviation actually
increased. Therefore, the deviation can be assumed to be due to the inherent variability
in the welds. The large variability was especially true of the welds made with flux.
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These welds were shown in Section 4 to have a greater variability in dimensions and in
surface appearance; therefore, it follows that these welds would have more variability in
hot cracking as well. The measurement difficulty due to the surface of the welds made
with flux may increase variability as well. The MCL measurements are also shown to
have much higher variability than the TCL measurements. The MCL, however, is a
useful value as it provides a good estimation of the size of the L + S region since the
largest crack usually grows the entire width of this region. The TCL, while containing
less error, may be less accurate if small cracks are not included in the measurement due
to lack of detection.
The MCL and TCL plots show that for welds made both with and without flux, the
hot cracking increases with an increase in strain, as expected. The increase in the TCL
due to the increased strain, however, occurs at a slightly higher rate for the welds made
with flux than without. The two types of welds are similar in that 1) neither reaches a
plateau, where an increase in strain does not result in an increase in cracking, and 2) the
threshold strain, below which no cracking occurs, is between 1.5% and 2.1% strain.
Although the trend in Figure 6-2 suggests that welds made with flux compared to those
made without are less susceptible to hot cracking at 2.1% strain, and more susceptible at
higher strains, taking into account the error, the MCL is actually similar for the two types
of welds. The TCL is shown in Figure 6-3 to be greater for welds made without flux than
without flux at all strains, suggesting that welds made without flux are more susceptible
to hot cracking. This result, however, may be due to the fact that some small cracks in
the welds made with flux could not be seen due to the surface topography or wire
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brushing. Therefore, the quantitative effect ofthe flux on hot cracking is detennined to
be minimal.
The flux does, however, have an effect on the location, amount, and width of the
hot cracks that fonn. This phenomenon, at low and high strain levels, can be seen in
Figure 6-4. Cracks in the welds made with flux are located all along the weld pool, while
those in the welds made without flux are only located along the outer edges of the weld
pool. Also, there are more cracks in the welds made without flux, but the cracks are
narrower than those in the welds made with flux. The reason behind the difference in
amount and width of the cracks is unclear looking at only the as-welded surface. The
location of the cracks, however, is due to the shape of the weld pool, as can also be seen
in Figure 6-4. Although the trailing lengths (and even the widths at the largest point) are
similar in both types ofwelds, the shape is very different. This difference in shape leads
to a difference in the direction of grain and substructure growth, as verified by
microstructural characterization (Section 5). Hot cracks occur along grain or substructure
boundaries in the L + S region due to the strain imposed on the weld pool as a result of
the Varestraint test. Therefore, regions where the grain or substructure boundaries are
aligned with the direction of strain will be less susceptible to cracking, while those
regions where the boundaries are most perpendicular to the strain will be most
susceptible. Since the strain occurs parallel to the length of the weld and grains grow
perpendicular to the fusion line, the largest amount of strain will occur where the weld
pool front is most parallel to the weld length. This explains why the cracks in the weld
made without flux occur at the outer edges and those in the weld made with flux occur all
along the weld pool. The larger cracks in both types ofwelds, however, occur closest to
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the center despite the lower strain there than at the edges because the L +S region is
larger closer to the center.
Overall, the application of the flux results in a difference in the location, amount,
and width of the hot cracks; however, the hot cracking susceptibility, defined in terms of
quantitative analysis (MCL, TCL, and threshold strain), is not altered significantly due to
the flux. The hot cracking susceptibility, however, will be analyzed in the as-polished
condition, as well to see if any differences exist compared to what was found using the
as-welded surface.
6.3.2 As-polished (and etched) condition
The as-welded surface is most often used for determining hot cracking
susceptibility because only the strain at the surface of the sample is known (calculated
from the thickness of the material and the die block radius). This strain is the maximum
strain; at increasing depths within the material, the strain decreases. Therefore, to
accurately compare two polished welds, the depth ofpolishing must be consistent, which
is difficult to do. Also, the polished surface should remain parallel to the as-welded
surface, which can also be difficult to achieve, especially if the weld has surface
topography. It is a reasonable assumption, however, that a crack measured in the as-
polished condition represents the minimum crack length that would be found on the
surface since the strain is lower beneath the surface. The benefit of using the as-polished
condition is that the cracks are much easier to see and therefore, easier to measure. (The
etched condition is used to verify that all cracks measured are actually in the fusion
zone). Therefore, although the actual crack length may not be as accurate as on the
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surface, the measurement of the crack should be more accurate. This is especially true if
the as-welded surface has a large amount of topography.
Due to the surface topography of the welds made with flux, it was decided that
measuring the hot cracks in the as-polished condition would be beneficial. However, also
due to the topography, the as-polished (flat) surface was not parallel to the dimpled as-
welded surface. In addition, the extent of metallographic preparation was not monitored
closely for the welds; therefore, the depth ofpolishing was probably not consistent from
weld to weld. The analysis of the hot cracking in the as-polished condition, however,
was still found to be valuable, as described below.
Each type of weld (with and without flux) was analyzed in the as-polished (and
etched) condition for both a low (2.1 %) and high (7.1 %) strain. An additional weld made
with flux at the high strain was analyzed as well. The results of the quantitative analysis
for the as-polished condition for these five welds, along with the as-welded values, are
shown in Figure 6-5 and Figure 6-6. The MCL (Figure 6-5) for the welds made with flux
can be seen to increase due to polishing at both strains, although at the high strain the
extent of increase varied considerably for the two welds. The welds made without flux
had either a decrease in MCL due to polishing (low strain), or no change at all (high
strain). The decrease in length is probably due to polishing away the surface of the crack.
A smaller crack would occur beneath the surface due to the lower strain further into the
material. No change in length may be a result of a deep crack that does not change in
dimensions as polished because of a high strain even below the surface, which may occur
in this case due to the high surface strain. These results for the welds made without flux
were more expected than the increase seen in the welds made with flux. Such a
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substantial increase in MCL suggests that the entire crack was not seen on the as-welded
surface, due to either surface topography or growth direction. The TCL (Figure 6-6)
followed the same trend as the MCL, although the extent of the increase in length due to
polishing of the welds made with flux was larger for both strains and more consistent
between the two welds at the high strain. This larger increase suggests a cumulative
effect of many cracks that were not seen in their entirety and/or that some cracks were not
seen at all on the as-welded surface.
The as-polished and etched samples can be seen in Figure 6-7. The welds at high
strain were shown in the etched condition and the welds at low strain were shown in the
as-polished condition to demonstrate the difference between the two conditions and
because both conditions were used together to measure the cracks. These four welds are
the same as those shown in Figure 6-4 in the as-welded condition.
The effect of the flux on the location, amount, and width of the hot cracks was
previously discussed for the as-welded condition. Figure 6-7 demonstrates that the
amount of cracks seen in the two types of welds are much more similar in the as-polished
condition than in the as-welded condition. Therefore, the difference in the amount of
cracks in the as-welded condition can be explained by lack of crack detection. The
widths of the cracks are similar to those found in the as-welded condition; however, the
difference in the lengths of the cracks can be seen to increase in the as-polished state, as
was also shown in the quantitative analysis. The location of the cracks was not altered
due to polishing.
For all the welds, the as-polished condition contained a considerable number of
very small cracks adjacent to the larger cracks that were not found in the as-welded
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condition. These cracks may have been too small to observe with the surface topography
or may have been connected to the larger cracks on the as-welded surface. The
difference in the amount and size of the cracks due to polishing varied from sample to
sample. The weld made without flux at the high strain was found to contain four fewer
cracks than the as-welded condition, which may be a result ofpolishing away the cracks.
Interestingly, some of the existing cracks were measured to be larger in the as-polished
condition, although others were found to be smaller, as expected. The larger cracks may
be a result of inaccurately identifying the ends ofthe cracks in the as-welded condition
due to the surface topography. The overall difference in MCL and TCL between the as-
welded and as-polished surfaces for this sample, however, was shown to be negligible.
The weld made without flux at low strain was found to contain the same number of
cracks in both conditions; however, the cracks in the as-polished condition were much
smaller than those in the as-welded condition. This decrease in size agrees with the
decrease in strain beneath the surface of the sample and also explains why both the MCL
and TCL were lower for the as-polished condition for this sample. The weld made with
flux at the high strain can be seen to contain four additional cracks compared to the as-
welded surface. Knowing the location of these additional cracks and looking back at the
as-welded micrograph (Figure 6-4), it was seen that three of these cracks potentiaJly did
exist in the as-welded condition. This result clearly demonstrates the difficulty in
distinguishing cracks in the welds made with flux due to the surface topography. The
existing cracks are also much larger in the as-polished condition. The same trend occurs
for the weld made with flux at low strain, but to an even larger extent. Eight additional
cracks were found in the as-polished condition, and the existing crack was found to be
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much larger. The as-welded surface of this particular sample, however, was unusual.
Interestingly, the other weld ran at the same parameters had a similar surface, but two
additional welds run at the same parameters at a different time had a more typical as-
welded surface. This unusual surface also occurred for a few other welds at different
parameters during preliminary experiments, but no reason was discovered. This unusual
surface appeared to increase the effect ofpolishing on the number of cracks found due to
even less cracks being detected in the as-welded condition. '
Overall, it was determined that many cracks apparent in the as-polished condition
of the welds made with flux were not seen in the as-welded condition, either at all or in
their entirety. This could be due to the surface topography or wire brushing making the
cracks undetectable although they were present, or the cracks actually became longer
beneath the surface due to the angle of growth or a higher rate of subsurface growth.
Whatever the cause, it has been shown that the cracks do exist in the as-polished
condition and therefore, should be considered in the hot cracking susceptibility. Since
the strain beneath the surface should be less than at the surface, the crack measurements
found in the as-polished condition will be considered the minimum crack values. For the
welds made without flux, the crack measurements typically decreased or did not change
due to polishing, as expected. The as-welded surface measurements are assumed to be
fairly accurate since the surface did not have much topography in these welds.
The crack measurements from both the as-welded and as-polished condition can be
seen in Figure 6-8 and Figure 6-9. Since only the weld made with flux at high strain had
two samples, it is the only data point to have error bars. Since the polishing was not
consistent from weld to weld, the as-polished conditions cannot be compared for welds
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made with and without flux. However, it is reasonable to compare the as-welded
condition for the welds made without flux, which should yield fairly accurate surface
crack measurements, to the as-polished condition for the welds made with flux, which
should represent the minimum surface crack lengths. It is reasonable to compare these
two conditions because the welds made with flux have higher values in the plots;
therefore, by comparing the minimum value of the weld made with flux to the value of
the weld made without flux, the minimum possible effect of the flux is shown. The weld
made with flux at the low strain has a significantly higher MCL and TCL than the weld
made without flux. At the high strain, however, the TCL is shown to be very similar for
the two types of welds. The weld made with flux has a higher average MCL than the
weld made without flux; however, taking into account the error bars, the values for the
MCL are similar for the two types ofwelds.
Using both the as-welded and the as-polished analyses, the application of the flux
was found to have a negligible effect on the amount of cracks, but was found to alter the
size of the cracks, and hence the MCL and TCL values. Overall, the flux appears to
cause an increase in hot cracking susceptibility, although only to a small extent. The
effect of the flux also appears to be greater at lower strain levels. The remaining strains,
however, should also be polished and the cracks measured to verify the effect of the flux
on hot cracking susceptibility, as well as the effect relative to strain level. The threshold
strain may also be lower ifcracks were undetectable in the as-welded condition,
especially with the welds made with flux. Therefore, a difference may also exist in the
threshold strain between the two types ofwelds. It is clear that further analysis needs to
be conducted to fully determine the effect of the flux on hot cracking susceptibility.
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The reason why hot cracking susceptibility would increase due to the application of
the flux is not obvious. It is assumed that the cause is a microstructural effect, especially
since the effect was shown to decrease at the higher strain where the strain effect would
overpower the material effect. The two factors known to affect hot cracking are
solidification temperature range and amount ofterminal liquid, both controlled by the
composition of the weld metal. It was first hypothesized that the cause of the increased
hot cracking was the increase in the amount of sulfur in the welds made with flux, since
sulfur is known to be detrimental to hot cracking resistance. The copper sulfides found in
the welds made with flux were the most obvious difference between the microstructures
of the two types of welds, as well. Sulfur increases both solidification temperature range
and the amount of terminal liquid, thereby causing an increase in hot cracking. Sulfur
causes an increase in both of these factors by forming a low melting sulfide. These low
melting sulfides result in droplets along grain and substructure boundaries, causing
wetting of these boundaries, which results in an increase in hot cracking. These low
melting sulfides also result in an increase in the solidification temperature range, which
increases the amount of thermal strain and consequently, hot cracking. These low
melting sulfides would be found along grain or substructure boundaries. As discussed
previously (Section 5), the sulfide particles seen in the microstructure of the welds in this
research, however, are dispersed throughout the material with no discernable pattern.
This random dispersion suggests a solid state, or precipitation, reaction, which would
have no effect on hot cracking. Even if the copper sulfides are the last solid to form, and
therefore a low melting constituent, the fact that the particles are sphericalmeans that
they will not effectively wet the boundaries and therefore will not affect hot cracking.
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The difference in overall composition of the weld metal due to the flux was also
considered a possible cause for the increase in hot cracking. An increase in the flux
elements in the weld metal, especially on the surface where hot cracking occurs, may
affect hot cracking. Sulfur, titanium, silicon, and oxygen have all been shown to increase
hot cracking susceptibility in stainless steels welds (Section 2). The actual composition
of the surface of the weld metal, however, was not analyzed, only the composition of the
weld ground flush with the base metal. This "interior" composition, along with
speculation about the surface composition, were used to determine if an effect was
possible. An increase in the general sulfur content due to the flux, unrelated to the sulfide
particles, was thought maybe to increase hot cracking. lfthe sulfur, however, was in
solution then it would not form a low melting constituent, and therefore, not affect hot
cracking. Titanium is also detrimental to hot cracking resistance due to the formation of
a low melting constituent. The amount of titanium was shown to increase in the interior
of the weld metal due to the flux and this increase may be larger near the surface due to
the large amount of titanium oxide in the slag. The small increase in the interior of the
weld, however, does not reach the reported value of titanium required to increase hot
cracking (Section 2). Also, any additional titanium on the surface of the weld metal
would form titanium oxide before the weld pool even began to solidify. Silicon also has
been reported to form a low melting constituent, resulting in an increase in hot cracking.
Silicon was not found to increase in the interior of the weld metal due to the flux;
however, it, too, may increase nearer to the surface. Silicon oxide forms at a temperature
just below the estimated melting temperature of an austenitic stainless steel, therefore,
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some free silicon may be present at the end of solidification. It is not known, however,
whether there was an increase in silicon at the surface nor whether any low melting
constituent was formed. It seems unlikely that, even if silicon did increase at the surface
due to the flux, such a small amount of silicon would cause a notable increase in hot
cracking. The increase in oxygen due to the flux was also speculated to cause an increase
in hot cracking, especially if the increase in concentration was greater near the surface.
As described in Section 2, however, oxygen is only detrimental to hot cracking in
inclusion form, not in solution. The copper sulfides were shown to contain oxygen,
however, as discussed, these particles are not low melting constituents due to their
random dispersion. Although some of the large particles found in the weld metal were
thought to be oxides, they were found in very small amounts and would not affect hot
cracking substantially. It can be assumed that a large increase in inclusions did not occur
on the surface compared to the interior since no increase in the amount of particles was
seen in the planar view of the microstructure (Section 5).
The only other microstructural differences found due to the flux were the growth
direction and the coarseness of the substructure. The substructure growth direction,
however, should only affect the direction of the hot crack growth, not the overall length
and therefore, not the hot cracking susceptibility.
It seems unclear how the application of the flux causes an increase in hot cracking
susceptibility; however, a small increase does appear to occur due to the flux. Further
analysis needs to be done to clarify the effect due to the flux and the source of this effect.
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6.4 Summary
The effect of the flux on weldability, specifically hot cracking susceptibility, was
analyzed using the Varestraint test. Using the as-welded surface, the flux was shown to
have little effect on the hot cracking susceptibility, however, it did result in differences in
the hot crack location, amount, and width. The difference in location was explained by
the difference in weld pool shape and substructure growth due to the flux. Polishing the
surface of several of the samples facilitated crack measurement, and it was assumed that
the cracks measured in the as-polished condition represented the minimum surface crack
length. For the welds made with flux, the as-polished condition found many more cracks
and existing cracks to be larger, suggesting that the cracks were not completely detected
in the as-welded condition due to surface topography, wire brushing, and! or subsurface
crack growth. Using both the as-welded and as-polished conditions, the flux was shown
to have little effect on the amount of hot cracks; however, the flux did cause an increase
in the size of the cracks. The flux was, therefore, determined to cause an increase in hot
cracking susceptibility, especially at low strains. This effect of the flux could not be
explained by the microstructural differences between the welds. Additional work needs
to be done to further clarify the effect of the flux and the source of this effect.
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Figure 6-4. Micrographs ofthe as-welded surfaces after Varestraint testing
at low and high strain levels
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Figure 6-4. Micrographs of the as-welded surfaces after Varestraint testing
at low and high strain levels
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Figure 6-7. Micrographs of the prepared surfaces after Varestraint testing
High strain- etched condition: Low strain- as-polished condition
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7 CONCLUSIONS
The objectives of this research were to determine the effect ofa particular surface
active flux on the microstructure and properties of welds made on a superaustenitic
stainless steel. The flux was composed of oxides of titanium, chromium, and silicon and
applied to the metal, AL-6XN, prior to GTA welding. The properties studied were hot
cracking susceptibility and pitting corrosion resistance. The results of this work are
summarized below:
1. The effect of the flux on cross-sectional and weld bead dimensions and shape
was found to be substantial, agreeing with reported increases in penetration. The
effect of the flux on the surface of the weld was also found to be significant.
2. The intensity of the flux effect on weld bead dimensions was found to depend on
the amount of flux applied. A standard composition for the flux that produced
suitable results was determined to be 0.531 g of flux powder per 1 mL of acetone.
3. The difference in the shape of the weld pool due to the flux resulted in
significantly different directions of substructure growth between the welds made
with and without flux.
4. The flux powder was discovered to contain a substantial amount of sulfur that was
not included in the patent or MSDS composition.
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5. The flux had a profound effect on the presence of inclusions found in the weld
metal.
a. Black, spherical particles, approximately 300 nm in size were heavily
dispersed throughout the weld metal of the welds made with flux, while
barely existent in those made without flux. These particles were
determined to be copper sulfides and occurred much more frequently in
the welds made with flux due to the relatively high sulfur content in the
flux powder. The amount and distribution of the particles were found to
depend on the current used to make the weld, due to the effect of heat
input on cooling rate and hence nucleation and growth rates.
b. Larger (1 um), black, spherical particles were also found to exist more in
the welds made with flux. These particles were determined to be copper
sulfides and/or oxides of aluminum, magnesium, and calcium.
c. A second phase (assumed to be sigma) was found to be unaffected by the
flux.
6. The effect of the flux on overall weld metal composition was relatively
insignificant. Only a small increase in the amount of titanium and oxygen
occurred in the weld metal of the welds made with flux.
7. The critical weld metal oxygen content to cause flow reversal in the weld pool for
the base metal, flux, and welding conditions used in this research was determined
to be between 0.035 wt% and 0.079 wt%.
169
8. The flux had little effect on the hot cracking susceptibility when the as-welded
surfaces of the Varestraint tested samples were analyzed. A difference in hot
crack location did occur, which was explained by the difference in weld pool
shape and substructure growth due to the flux.
9. The as-polished condition of the Varestraint tested samples discovered many
more cracks, and existing cracks to be larger, in the welds made with flux,
suggesting that the cracks were not completely detected in the as-welded
condition due to surface topography, wire brushing, and! or subsurface crack
growth.
10. Using both the as-welded and as-polished conditions, the flux was determined to
cause a small increase in hot cracking susceptibility, especially at low strains.
This effect of the flux could not be explained by the microstructural differences
between the welds.
11. The pitting corrosion resistance (in terms of CPT) was higher in the samples that
had ground surfaces compared to those in the as-welded condition. A difference
in pit fonpation also occurred, with the ground surfaces consisting of one large pit
and the as-welded surfaces of many, smaller pits. These results were determined
to be due to the increased number of pit initiation sites in the as-welded condition
due to the increased surface topography.
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12. The pitting corrosion resistance (in terms of CPT) was not affected by the surface
resulting from the flux, despite the increase in surface topography compared to
the conventional as-welded surface (without flux). When comparing the pits at
the CPT for each type ofweld, however, the flux did result in more pits in the as-
welded condition due to the increase in initiation sites from the surface
topography. The pits in the welds made with flux were also more random, while
pits in the welds made without flux usually occurred along weld pool lines. This
phenomenon occurred because the surface topography resulted in randomly
dispersed initiation sites.
13. The flux increased the pitting corrosion resistance of the welds slightly. The
reason for this unexpected phenomenon was not determined.
14. The flux did not affect the mass loss or maximum pit depth behavior of the welds
substantially. The welds made with and without flux followed the same trend for
both surface conditions, but were offset by the difference in CPT. There was a
difference in behavior between the two surface conditions, however.
15. Pits in the ground condition usually occurred along the fusion line and appeared
to initiate there.
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